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ABSTRACT 
Studies have shown that the alignment of the knee in the coronal plane has a significant 
effect on the joint contact stress. However, gait analysis demonstrated that factors other than 
alignment contributed significantly to the outcome of corrective surgery. It was therefore 
hypothesized that muscle contraction can alter the stress distribution within the knee joint and 
that overloading can occur in the absence of a deformity. 
Six normal knees were harvested from different donors. The exact orientation of all muscle 
groups was recorded and their tendinous insertions carefully preserved. Custom built pressure 
transducers (6 per compartment, 0.5 mm thick, 10 mm diameter) were inserted through 2 
small, posterior, capsular incisions and placed on the tibial surface and the menisci. The knees 
were mounted in a loading system which allowed free self-alignment of the joint under load. 
All muscles were replaced by wire cables instrumented with force transducer, tensioner and 
grip. Several alignment models (5, 10 degree varus, neutral, 5 degree valgus and 15 degree 
of flexion) as well as the effect of contraction of all major muscles crossing the knee joint 
were tested. 
An even pressure distribution was seen in neutral alignment. In a varus deformity the peak 
pressure shifted medially and laterally in valgus. Unloading of the opposite compartment was 
seen for deformities as small as 5 degrees. A flexion deformity produced a postero-lateral shift 
of the peak pressure area. Muscle contraction increased the pressure significantly in a region 
next to the muscle. Generally, unloading - though less significant - was seen in a region 
diagonally across the joint. 
These results suggest that muscular hyperactivity may considerable increase the contact 
stresses. However, muscle weakness or lack of muscular contraction may indirectly play a 
significant role in affecting the contact pressure distribution. If the muscle force is insufficient 
to counterbalance the external moment condylar lift-off occurs. This increases the angulation 
between femur and tibia thereby overloading the compartment where contact takes place; 
One can therefore conclude that abnormal gait patterns or neuromuscular control mechanisms 
may result in unphysiologically high contact stresses which may cause the development ot 
unicompartmental osteoarthritis and subsequently, a deformity. 
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Deformities of the knee are commonly seen, particularly in the elderly population, and in many 
cases these do not pose any medical problems. However, if osteoarthritis, a degenerative 
joint disease, develops due to a varus or 
valgus deformity (Figures 1 .1 a,b) or the 
patient is severely disabled from a func-
tional or cosmetic point of view, surgical 
intervention to correct the alignment is 
indicated. This is commonly done by an 
osteotomy, a surgical procedure during 
which the bone is incised or transected 
to allow repositioning of the two bony 
fragments. An early, detailed description 
of osteotomies of the lower limb, using 
antiseptic methods, to correct deformi-
MED. LAT. 
a b 
Figure 1.1 : Anterior view of left knee in varus (a) 
and valgus (b). 
ties as a result of ankylosis of the knee, was given by VOLKMANN (1875). 
MACEWEN (1878a) described two surgical techniques to correct deformities of the lower limb 
in more detail. In principle, both techniques are closing wedge osteotomies (cf. Figure 1.2b 
for closing wedge osteotomy of the tibia). In the first technique, the femur is osteotomised 
and impacted without actually removing a fragment. In the second method, the femur is 
osteotomised, and a bony wedge removed. After reduction the wound is closed and the leg 
put into a plaster cast until bony union occurs. In a second article, MACEWEN (1878b) 
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reported on the results of over 50 osteotomies for various deformities and pathologies. He and 
VOLKMANN described and recommended this procedure only for extremely deformed cases 
to restore basic function. However, they did not propose osteotomies as a treatment for 
unicompartmental osteoarthritis. 
After this early work, very little 
progress was made in correc-
tive osteotomies around the 
knee. It was only in the middle 
of this century that surgeons 
began to realize the clinical 
benefits of treating chronic os-
teoarthritis by corrective oste-
otomies. In 1951, LANGE de-
scribed an inverted V osteoto-
my of the tibia, in which a 
wedge was removed from the 
a b C 
Figure 1.2 : Basic surgical techniques for corrective osteoto-
mies of varus deformities of the knee, (a) inverted V osteot-
omy, (b) closing wedge osteotomy and (c) dome osteotomy. 
lateral half of the tibia, and inserted on the medial side (Figure 1.2a). The major problem with 
the LANGE osteotomy is the fact that the inserted bone wedge is mainly cancellous and there-
fore prone to collapse after surgery. This can lead to recurrence of the deformity and other 
related problems such as delayed union. Fourteen years later in 1965, COVENTRY described 
a closing wedge osteotomy. Similar to the previous technique, the base of the wedge lies 
laterally. However, the wedge extends across the tibial width to the medial cortex which is 
left intact (Figure 1.2b). Finally in 1970, BLAIMONT presented a dome osteotomy (Figure 
1.2c). The two fragments can rotate around the axis of the dome and the amount of 
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correction can thus be controlled and corrected during and after surgery which is the major 
advantage of this technique. The attraction of the closing wedge technique lies in its 
simplicity. However, the disadvantages are that firstly the accuracy of the correction relies 
entirely on the correct initial resection, and secondly the leg will be shortened by this proce-
dure. Since the description of these basic techniques, many variations have been described 
by other authors (BLAUTH, 1984; LEVY et al., 1973; MAOUET, 1976; OGATA, 1984). 
Although corrective osteotomies around the knee have been increasingly used since the late 
1950's, the complex relationship between deformity and osteoarthritis -- in particular uni-
compartmental osteoarthritis -- was not recognized. For example, WARDLE (1964) proposed 
that the resulting bony barrier across the medulla after union of the osteotomy isolates the 
proximal part of the tibia from the shaft of the bone which in turn interrupts the main venous 
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outflow, and thereby relieves the pain. It was only in the late 1960's that clinical follow-up 
studies recorded both the degree of correction and the long term results of the surgery--e.g. 
pain, recurrence of deformity, mobility, and recovery of the affected cartilage. As a result, 
the authors concluded that a slight over-correction was essential for a good result, particular-
ly, in a varus deformity. If this was achieved, good results in over 60% of the patients were 
observed, even after 17 years (WAGNER, 1985). These clinical studies demonstrate clearly 
the correlation between the development and treatment of osteoarthritis and mechanical 
malalignment. 
According to these clinical studies, the most common diagnosis is primary or idiopathic 
osteoarthritis (50 - 90%) (JENNY et al., 1985; WAGNER, 1985; JOKIO et al., 1985; HAG-
STEDT et al., 1980; KETTELKAMP et al., 1976; LEVY et al. 1973). Previous trauma, such 
as meniscal tears or intra-articular fractures with or without surgical intervention, is only the 
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second most common cause. Therefore, one is left with the question as to whether the 
deformity was a result or the cause of the uni-compartmental osteoarthritis. 
JOKIO et al. (1985) stated that the destruction of articular cartilage leads to the development 
of a varus or valgus deformity in many cases. Similarly, BAUER (1982) wrote that "even 
though we still do not know why so many young women with straight legs may end up with 
deformed, painful knees, we can see how the condition once established, progressively 
impairs the walking ability because of joint surface destruction and progressive instability". 
An indication for the sensitivity to mechanical factors is the fact that in rheumatoid arthritis, 
a systemic disease, the joint erosion is usually more progressive in the lateral compartment, 
which leads to a valgus deformity (LEVY et al., 1973; COVENTRY, 1973, 1984). Although 
the stresses may initially be normal in either compartment, it is likely that the compartment 
experiencing greater load shows earlier signs of destruction. Similarly, if the load exceeds the 
physiological range of healthy cartilage, osteoarthritis will develop in the respective region or 
compartment (WU et al., 1990). However, this is more commonly observed in the medial 
compartment, particularly in male patients. Further evidence was given in a study by 
PRODROMOS et al. (1985) in which they followed 21 patients over 3.2 years. They analysed 
the gait of patients and normal subjects and determined the adduction moment around the 
knee before and after surgery. They could not find a correlation between the deformity, 
accuracy of the correction, and the adduction moment. However, they noted a strong 
correlation between a low adduction moment before and after surgery and a successful 
clinical outcome of the procedure. These findings suggest that mechanical factors other than 
alignment of the limb may significantly affect the joint pressure distribution and possibly 
contribute to the development of uni-compartmental osteoarthritis, leading secondarily to a 
deformity. 
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Recent studies on joint forces in the hip using instrumented endo-prostheses indicate that 
muscle forces contribute significantly both to the magnitude and direction of the resultant joint 
force (HODGE et al., 1986, DAVY et al., 1988; BERGMANN et al., 1989). In the knee joint, 
any change in muscle force not only changes the magnitude and direction of the resultant joint 
force, but also alters its location relative to the centre of the joint. These findings lead to the 
following two hypotheses : 
( 1) Muscle imbalance, between the agonist and antagonist, can significantly 
alter the distribution of stresses within the medial and lateral compart-
ments of the knee joint; and 
(2) the changes in stress distribution can occur in the absence of a varus or 
valgus deformity. 
To test these hypotheses, both the effect of deformity, and tension in various muscles, on 
medial and lateral compartment pressures have to be studied. This could potentially be done 
by different methods: (1) Computer simulation; (2) Gait analysis; (3) Animal experiment; and 
(4) Cadaveric model. 
The main problem in the first three methods is the uncertainty about the magnitude of muscle 
forces. In a computer model the results would be influenced by assumptions made during the 
development of the model. Furthermore, it would be pivotal to have accurate data for the 
load-deformation behavior of cartilage, menisci, and ligaments, as well as information on the 
load sharing between these structures. Gait analysis would be even more limited since neither 
the muscle forces nor the contact pressures could be measured directly. The use of an animal 
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model would potentially allow the direct measurement of contact pressure and muscle forces, 
although no direct control of muscle forces would be possible. However, for ethical reasons, 
a strong analgesic would have to be used during the experiments, casting serious doubts on 
the validity of the data. Furthermore, any deformity would have to be created surgically prior 
to any measurements, and no adequate animal model of the human knee joint exists. 
A cadaveric model would have the disadvantage that only pseudo-physiological conditions 
could be modelled. However, data on the effect of deformity on the pressure distribution are 
available in the literature. Their results could be used to verify the accuracy of the proposed 
test method. With this model, muscle tension and knee alignment could be carefully controlled 
and accurately reproduced. By simulating different deformities and tensioning various muscles 
their respective effect could be recorded. 
Considering the different options it is evident that a cadaveric model would be the most 
versatile and reliable method to investigate the above hypotheses. To implement this model, 
the following basic requirements can be defined : 
( 1) to design, build and test an array of pressure sensors which allows the continu-
ous recording of joint contact pressure at multiple locations; 
(2) to develop a mounting system which allows accurate positioning of knees in a 
loading device without affecting the mechanics of the joint prior to and during 
loading; and 
(3) to implement a muscle "replacement" or "surrogate" which provides sufficient 
stability for the knee joint and allows tensioning of selected muscles and 
muscle groups. 
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A confirmation of the hypotheses would have important implications for both conservative and 
surgical treatment of uni-compartmental osteoarthritis. Patients with early signs of arthritic 
changes could be examined by means of gait analysis and be trained, through physiotherapy, 
to strengthen selected muscle groups and modify their gait pattern. It has clinically been 
shown that this type of management is beneficial for the patient with antero-lateral instability 
of the knee (ELDRIDGE, 1984). Used at a very early stage, the costs for the medical health 
system could be considerably reduced. Furthermore, being a non-invasive treatment, there 
would be no risk for the patient. At later stages of osteoarthritis, prior to the development 
of a deformity or in the presence of a small deformity, the mechanical advantage of certain 
muscles could be accentuated through tendon transfer comparable to MAOUET's variation of 
the dome osteotomy (MAOUET, 1976). Finally, patients undergoing high tibial osteotomies 




In order to understand the complex processes occurring in the knee joint during daily activi -
ties, it is important to review our current knowledge of the anatomy and biomechanics. 
Summarizing the gross anatomy helps to create a three-dimensional image of the relationship 
of the structures in and around the knee, while a discussion of the proposed functions of 
these components (cartilage, menisci, ligaments and muscles) aids the evaluation of their role 
under normal circumstances or pathological conditions. Furthermore, kinematic and kinetic 
parameters used to describe the biomechanics of the knee are important for the development 
of an adequate in vitro model. Finally, reviewing previous studies on the joint contact stresses, 
their techniques used and the technology available is crucial to minimizing repetition and 
avoiding the pitfalls of experimental study designs. 
2.1 Gross Anatomy of the Knee Joint 
The knee is the largest joint in the human body (BASMAJIAN, 1982). It consists of two 
independent joints which are enclosed in a common capsule. The two joints are the tibio-
femoral and the patello-femoral joint (Figure 2.1 ). The tibio-femoral joint is further subdivided 
into a medial and a lateral compartment (Figure 2.2) . On the tibia, the two compartments are 
separated by the intercondylar eminence, while on the femur the intercondylar fossa lies 
between the articulating surfaces. Simplistically, the tibiofemoral joint can be described as a 
hinge joint. The patella-femoral joint is commonly described as an arthrodial joint. 
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In the coronal plane in normal subjects, the 
long (anatomical) axes of tibia and femur are 
set at an angle of 4 to 9 degrees to each 
other with an average of approximately 5 
degrees (cf. Figure 2.2) (JOHNSON et al., 
1981 ). In the literature this angle is also re-
ferred to as "anatomical valgus". For biome-
chanical discussions and surgical planning an 
additional system of (mechanical) axes has 
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1 lat. femoral condyle 
2 lat. meniscus 
3 lat. tibial condyle 
4 patella 
5 patellar tendon 
6 quadriceps tendon 
7 tibial tuberosity 
been introduced (JOHNSON, 1984). The Figure 2.1 : Sagittal section of knee viewed 
from medial side. (adapted from SPAL TE-
mechanical axis of the leg is defined as the HOLZ and SPANNER, 1967) 
line connecting the centre of the hip to the 
Cent re of 
gravity 
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g 
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Centre of hip 
Centre of knee 
Centre of ank le 
1 lntercondylar eminence 
2 intercondylar Iossa 
3 lat. compar tmen t 
4 med. compar tment 
5 patellar sur face 




femoral ax is 
'anatomical valgus' angle 
mechanical axi s 
Figure 2.2 : Anterior view of left knee. Drawing on the left shows definition of mechanical 
and anatomical axes. Note that anatomical axis of femur does not pass through the centre 
of the knee joint. A detailed view of the knee is shown on the right. 
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centre of the ankle joint. This line normally passes through the centre of the knee joint. In a 
varus knee the axis passes through the medial compartment or on the medial side of the joint, 
while in a valgus knee, it is shifted laterally, relative to the joint centre. To measure the degree 
of deformity, a line can be drawn from the centre of the hip to the centre of the knee joint 
(also called the mechanical axis of the femur), and from the centre of the knee to the centre 
of the ankle joint (called the mechanical axis of the tibia). The angle between these two lines 
equals the magnitude of the deformity as it is zero in a normally aligned leg . 
The medial and lateral femoral 
condyles (Figure 2.3) are convex 
both in a sagittal and a coronal 
section. The length of the articu-
lating surface of the medial con-
dyle exceeds the lateral one by 
more than 1 cm (BASMAJIAN, 
1982). The patella, a sesamoid 
bone embedded in the tendon of 
the quadriceps muscle, articulates 
with its posterior surface against 
1 ant. cruciate ligament 
2 ant. horn of med. meniscus 
3 femur 
4 fibula 
5 lat. collateral ligament 
6 lat. femoral condyle 
5 7 lat. femoral epicondyle 
8 lat. meniscus 
9 med. collateral ligament 
10 med. femoral condyle 
11 med. femoral epicondyle 
12 med. meniscus 
13 post. cruciate I igament 
14 ti bia 
15 tibial tuberosity 
Figure 2.3 : Anterior view of left knee in full flexion . Note 
cross-wise arrangement of cruciate ligaments. (adapted 
from SPAL TE HOLZ and SPANNER, 1967) 
the patellar surface of the femur (Figure 2.2). The proximal end of the tibia has two articulat-
ing facets occupying the major part of the medial and lateral condyles. In cross-section, the 
medial condyle is slightly concave in a sagittal and coronal plane, while the lateral condyle is 
concave in a coronal section but slightly convex in a sagittal section (Figure 2.1) (GRAY, 
1972). A third joint not directly involved in the articulation of the knee is the tibio-fibular joint. 
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The articulating surfaces of 
tibia , femur and patella are 
covered by articular cartilage . 
In addition, two semi-circular, 
fibre-cartilaginous structures, 
the menisci, are located be-
tween the tibia and femur 
(Figure 2.4). Both menisci are 
firmly attached to the tibia 
through their anterior and pos-
terior horns and to the capsule 
along their periphery. The tibial 
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1 ant. cruciate ligament 
2 ant. horn of lat. meniscus 
3 ant. horn of med. meniscus 
4 intercondylar emi nence 
5 lat. collateral ligament 
6 lat. condyle 
7 lat. meniscus 
B med. collateral ligament 
9 med. condyle 
1 O med. meniscus 
11 post. cruciate ligament 
12 post. horn of lat. meniscus 
13 post. horn of med. meniscus 
14 tibial tuberosity 
Figure 2.4 : Superior view of left tibia demonstrating both 
the attachment points and arrangements of menisci and 
major ligaments. (adapted from SPAL TEHOLZ and SPAN-
NER, 1967) 
attachments are shown in Figure 2.4. Both the superior and inferior surfaces of the menisci 
are covered by synovial membrane. In cross-section, the menisci are triangular in shape, with 
the base of the triangle located along the periphery of the joint. 
The ligaments of the knee joint are well developed. In addition to a large number of small 
ligaments integrated into the capsule , two distinct pairs of ligaments can be identified 
(Figures 2.3 and 2.4). These are the anterior and posterior cruciate ligaments in the centre 
of the joint between the two compartments and the two collateral ligaments on the medial 
and lateral sides of the joint. Because of their insertion, the medial and lateral collateral 
ligaments are also called the tibial and fibular collateral ligaments, respectively. The cruciate 
ligaments crossover in the joint, as suggested by their name. The anterior cruciate ligament 
originates from a depression anterior to the intercondylar eminence of the tibia and is inserted 
into the posterior portion of the femoral intercondylar fossa and the medial surface of the 
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lateral condyle of the femur. The posterior 
cruciate ligament originates from the posterior 
intercondylar fossa of the tibia and inserts 
anterior and medial to the insertion of the 
anterior cruciate ligament in the intercondylar 
fossa on the lateral surface of the medial fem-
oral condyle. The medial collateral ligament is 
a broad flat band, originating from the medial 
femoral epicondyle and inserting on the antero-
medial surface of the tibia. The lateral collat-
eral ligament is round and orig inates at the 
2 
1 med. col lateral I. 
2 med. meniscus 
3 patel la 
4 patellar tendon 
5 tendon of 
rectus femoris 
6 vastus intermedius -
7 vastus lateralis 
8 vastus medialis 
Figure 2.5 : Anterior view of left knee dem-
lateral femoral epicondyle and is inserted into onstrating components of quadriceps mus-
cle. (adapted from SPALTEHOLZ and SPAN-
the head of the fibula . NER, 1967) 
The muscular apparatus can be divided into four groups (SEGAL AND JACOB, 1984): the 
quadriceps muscle crossing the joint anteriorly, a postero-medial, a postero-lateral and a 
postero-inferior group. The quadriceps muscle is composed of four components (Figure 2.5). 
These are three deep components (vastus medialis, intermedius and lateralis) which originate 
from the femur, and one superficial component (rectus femoris), which is a "two joint" muscle 
and originates from the pelvis. The major portion of the common tendon inserts into the 
patella and continues as the patella tendon to insert into the tibial tuberosity (Figure 2.1 ). A 
portion of the vastus medialis tendon inserts by means of the patellar retinaculum directly into 
the tibia , medial to the tibial tuberosity. 
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Four muscles cross the knee joint on 
the postero-medial side (Figure 2.6). 
Semitendinosus, gracilis and sartori-
us insert in close proximity into the 
antero-medial aspect of the tibia . 
These three muscles are commonly 
referred to as the pes anserinus. 
The fourth muscle, the semimembra-
nosus, inserts more proximally into 
the medial and postero-medial aspect 




3 med. collateral ligament 
4 patella 




9 vastus medialis 
Figure 2 .6 : Musculature on medial aspect of knee. 
(adapted from SPAL TEHOLZ and SPANNER, 1967) 
Only two muscles cross at the lateral side 
of the knee joint (Figure 2.7). The biceps 
femoris muscle stretches along the postero-
lateral surface of the thigh and inserts into 
the head of the fibula. The iliotibial tract is 
a long, merged tendinous extension of parts 
of the gluteus maximus and the tensor 
fascia lata muscles (Figure 2.8). It is inte-
grated into the fascia lata and has fibrous 
1 biceps femorls 
2 gastrocnemi us 
3 ilioti blal t ract {band) 
4 lat. collateral I. 
5 patella 
6 semlmembranosus 
7 vastus lateralls 
extensions to the lateral surface of the Figure 2. 7 : Musculature on lateral aspect of 
knee. (adapted from SPAL TEHOLZ and SPAN-
femur (GRAY, 1972). Its insertion is into NER, 1967) 
the antero-lateral aspect of the tibia. 
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Postero-inferiorly, three superficial and 
one deep muscle cross the joint (Fig-
ure 2.8) . The popliteus muscle lies 
deep to the other muscles and extends 
obliquely across the joint from the 
lateral femoral condyle to the postero-
medial surface of the tibia . The medial 
head of the gastrocnemius muscle 
originates from the back of the femur 
just above the medial femoral condyle. 
The origins of the lateral head of the 
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1 biceps femoris 
2 gracilis 
3 gl uteus max imus 
4 iliotibial tract (band} 
5 lat. head of gastrocnemius 




1 O semi ten di nosus 
11 tensor fascia lata 
Figure 2.8 : Musculature on posterior aspect of 
gastrocnemius and the plantaris muscle knee. (adapted from SPALTEHOLZ and SPANNER, 
1967) 
lie in close proximity to each other at 
the postero-lateral aspect of the femur above the lateral condyle. The two heads of the 
gastrocnemius merge and continue as one tendon, being joined by the tendon of the soleus 
muscle, to become the Achilles tendon. 
2.2 Functional Anatomy of the Knee Joint 
The basic functions of the knee joint are to support the body during standing and to facilitate 
motion during locomotion. Motion is possible in all three planes of the body, i.e., sagittal, 
frontal (or coronal) and transverse (or horizontal) planes. However, flexion/extension , the 
movement in the sagittal plane, is functionally most important. In zero degree of flexion, the 
femur and tibia are aligned when viewed from the lateral aspect. The movement in the frontal 
plane is abduction/adduction. During adduction, the more distal joint moves towards the 
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centre line of the body and away during abduction. In the transverse plane, internal rotation 
of the leg moves the toes towards the mid-sagittal plane of the body and external rotation 
moves them in the opposite direction. A more detailed description of the complicated 
movements occurring at the knee joint will be discussed in section 2.3. 
2.2.1 Articular Cartilage 
The following discussion of the structure, composition and destruction of articular cartilage 
is based on the review papers by BUCKWALTER (1983); BUCKWALTER et al. (1987a); BUCK-
WALTER et al. (1987b); HAMERMAN et al. (1970). 
The articulating surfaces of tibia, femur and patella are covered by articular (or hyaline) 
cartilage. Articular cartilage is alymphatic, avascular and aneural. It has a low level of 
metabolic activity and the exchange of nutrients and waste products has to occur through 
osmosis or fluid exchange. 
Chondrocytes (cartilage cells) are embedded in an extracellular matrix. However, their volume 
is relatively small and amounts to less than 10% of the total volume. Water with dissolved 
gases, small proteins and metabolites make up the largest portion of the wet weight (60-
80%). The remainder, in the order of 20-40%, is composed of macromolecules. They include 
collagen (mainly Type II, 50%), proteoglycans (30-35%) and non-collagenous protein and 
glycoprotein (15-20%). Collagen gives cartilage its structural strength, while proteoglycans 
and non-collagenous proteins are attached to the collagenous mesh-work. 
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In a section perpendicular to the joint surface, four distinct layers can be identified : 
1) The superficial zone: this is the thinnest zone and forms the gliding surface of 
the joint. It is cell free and the collagen fibres are aligned parallel to the sur-
face. 
2) Transitional zone: this zone is larger than the superficial zone and marked by 
more spherical chondrocytes and a multidirectional mesh-work of large collagen 
fibres. 
3) Deep zone: this layer makes up the largest portion of the thickness of articular 
cartilage. The cells are spherical and aligned in columns perpendicular to the 
subchrondral bone plate . The collagen fibres are largest and also aligned 
perpendicular to the bone plate. 
4) Zone of calcified cartilage: this zone unites the hyaline cartilage with the 
subchrondral bone. The cells in this region are smaller than in the other zones. 
There is little controversy regarding the functions of articular cartilage, which are: 
1) to provide a low-friction bearing surface; 
2) to distribute the load to avoid peak stresses on the subchondral 
bone; and 
3) to dampen high impact forces. 
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Cartilage against cartilage has an exceptionally low coefficient of friction. It is in the order of 
0.001 and not markedly affected whether the joint surface is lubricated by synovial fluid or 
wiped dry with a cloth prior to loading (CHARNLEY, 1979). During loading, extracellular fluid 
is squeezed out of the fibrous matrix producing a lubricating film on the surface. The creep 
and visco-elastic properties of articular cartilage further support this proposed mechanism. 
Various histological and biochemical changes can be observed in the cartilage during the early 
and later stages of osteoarthritis. In the earliest phase, the bundles of collagen fibres in the 
superficial zone fray and vertical fissures develop. Furthermore, BROCKLEHURST et al. 
( 1984) observed a higher water content in the fibrillated regions of the surface layer. As the 
disease progresses, these clefts deepen. In the superficial layer, the concentration of 
proteoglycans decreases and chondrocytes proliferate. At later stages, these cartilage cells 
die and the fibrillated cartilage breaks loose. At the same time in the deeper layers, an 
increased water content and decreased glycoaminoglycan content and synthesis rate can be 
observed. These lesions are progressive until - at the final stage of osteoarthritis - the cartilage 
is worn away and articulation takes place on the subchrondral bone. 
2.2.2 Meniscus 
The major components of the menisci are cells, extracellular matrix and fluids. The extracellu-
lar matrix consists mainly of four different types of collagen (Type I, Type II, Type IV and 
Type V) (ARNOCZKY et al., 1987; McDEVITT and WEBBER, 1990), elastin (PETERS and 
SMILLIE, 1972), proteoglycans and non-collagenous matrix proteins. The collagen fibres are 
arranged in an intricate mesh-work as demonstrated by BULLOUGH et al. (1970). They 
reported that the principal orientation of the collagen fibres is circumferential. Furthermore, 
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they noted radial fibres in the femoral and tibial surfaces and in a central plane between these 
two surfaces. This arrangement gives the meniscus the strength to withstand high circum-
ferential tension and reduces the risk of longitudinal splitting, as may happen at high compres-
sive or shear loads. The surface tensile strength of the menisci is approximately equal in the 
tangential and radial directions (60 Mpa), while in the middle layer the circumferential tensile 
strength increases to 200 MPa and the radial tensile strength decreases to 3 MPa (FITHIAN 
et al., 1990). 
The function of the menisci is still incompletely understood. However, it is believed that the 
menisci provide improved joint stability and have a load bearing function. Furthermore, it has 
been suggested that the menisci play a role in shock absorption and lubrication of the knee 
joint (JASPERS et al., 1980; VOLOSHIN and WOSK, 1983). 
HSIEH and WALKER (1976), MARKOLF et al. (1976) and MARKOLF et al. (1981) conducted 
studies on knee joint stiffness and laxity as a function of various structures of the knee joint, 
with and without a compressive preload. In the absence of a joint load, they noticed de-
creased stiffness and increased laxity in internal/external rotation, adduction/abduction and 
anterior/posterior movement after meniscectomy, while the stability of the loaded knee was 
not significantly affected. 
In 1948, FAIRBANK observed that the menisci become taut in full extension. He concluded 
that as the knee is loaded in this position, the menisci are pushed out radially. He proposed 
a mechanism of circumferential tensioning as a means to carry load. Initiated by this observa-
tion, numerous experimental and analytical studies, reviewed in the following paragraphs, 
investigated the load bearing function of the menisci and the amount of load carried by them. 
18 
The techniques used included the injection of a radio-opaque contrast medium into the loaded 
joint for radiographic analysis (KETTELKAMP and JACOBS, 1972; MAOUET, 1976; JASPERS 
et al., 1980), injection of a dye (SEEDHOLM and HARGREAVES, 1979; KRAUSE et al., 1976), 
bone cement to make a cast of the articulating interface (WALKER and ERKMAN, 1975). Al-
though the results for the meniscal contact area varied widely, ranging from 40% to 75% of 
the total contact area, all authors concluded that the menisci would bear weight. It is however 
impossible to determine from contact area measurements which portion of the total load is 
transmitted by the menisci. 
To determine the load bearing properties of the menisci more closely, SEEDHOLM et al. 
(1974), SEEDHOLM and HARGREAVES (1979) and SHRIVE et al. (1978) developed a model 
representing the articular cartilage and the menisci by springs placed in parallel. They predict-
ed from the change in the load-deformation curves obtained from pre- and post- meniscecto-
my knees that the intact menisci would carry between 45 and 99% of the total load. 
Others used more direct techniques to examine the load transmitting function of the menisci. 
KRAUSE et al. (1976) recorded the circumferential strain during loading to calculate the stress 
in the menisci. AHMED and BURKE (1983) used a custom-made indentation transducer to 
measure the menisco-tibial contact pressure, while BROWN and SHAW (1984) implanted a 
piezo-resistive transducer into the femoral articular cartilage, thereby measuring the menisco-
femoral contact pressure. INABA et al. (1990) inserted pressure tubes through the subchon-
dral bone into the cartilage of the tibia, leaving the articulating surface intact. Others placed 
pressure sensitive Fuji Prescale film on top of the tibia (FU KUBA Y ASHI and KUROSAWA, 
1980; BARATZ, 1986; RIEGGER, 1986). Although all authors reported an increase in the 
contact stress after meniscectomy, there was some discrepancy in the data to which extent 
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this occurs. BOURNE et al. (1984a) measured reduced cortical bone strains in the proximal 
7 cm, compared to the intact joint, on the medial side after partial and total meniscectomy 
and proposed that a central, high contact pressure area would develop in each compartment 
after meniscectohly. They hypothesised that the resultant joint load had to be transmitted 
through the proximal trabecular bone to the more distal cortex. Similarly, RADIN et al. (1984), 
using a photo-elastic model, and SCHREPPERS et al. (1990), using a finite element model, 
provided evidence for a load distributing function of the menisci. 
Several clinical studies investigated the long-term effect of meniscal injury and meniscecto-
mies on the knee. NOBLE and TURNER (1986), after a comprehensive review of clinical 
papers, stated that a correlation between meniscal tears and the development of osteoarthritis 
is not clearly shown. However, total meniscectomy would lead to abnormal stress transfer 
in the knee joint. ABDON et al. (1990) presented a study of 89 patients with a mean follow-
up time of 16.8 years. All patients were 18 years old or younger at surgery. At follow-up 
39% of the surgically treated knees showed Grade I gonarthrosis and 9% presented with 
Grades II and Ill. A significant reduction of the joint space was noted in all knees. ODGAARD 
et al. ( 1989) measured trabecular bone density changes at the proximal tibia for 37 meniscec-
tomized patients with a follow-up of either 5 or 10 years using computer tomography. The 
results were compared with data obtained from 10 control subjects. They reported a postero-
medial shift of the peak density in the medial tibial condyle after meniscectomy. The density 
was increased both in partially and totally meniscectomized knees. However, the increase 
was significantly higher in total meniscectomy. Furthermore, no significant difference was 
seen for patients with a follow-up of 5 or 10 years. They concluded that the adaptive 
changes in the proximal tibia take place during the first 5 years until a new steady-state is 
reached. 
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Recently, LANZER and KOMENDA (1990) described a series of biochemical changes in the 
articular cartilage which occur in parallel to histological observations seen in osteoarthritis 
described in an earlier section. They reported an increase of proteolytic enzymes 
(metalloproteases), which are capable of cleaving the core protein and linking proteins of pro-
teoglycan aggregates. Furthermore, they reported an increase in synthesis of Type II collagen 
w ithin hours after meniscectomy. 
These experimental and clinical studies demonstrate clearly that: 
1. The mechanics and load distribution of the knee joint is changed after menis-
cectomy, leading to an increased loading of the articular cartilage; 
2. The adaptive processes in the cartilage and the underlying bone occur within 
a very short period of time postoperatively; and 
3 . Osteoarthritic changes in the cartilage are a long-term problem after meniscec-
tomy, particularly after total meniscectomy. 
These results provide clear evidence that changes in the load environment may lead to 
osteoarthritis as the contra-lateral knee usually does not display similar changes and systemic 
factors can be excluded due to the trauma-related injury requiring meniscectomy. 
21 
2.2.3 Ligamentous Structures and Capsule 
Histologically, ligaments and capsule are classified as fibrous connective tissue. The major 
component of the extracellular matrix material is collagen Type I (more than 90%) (FRANK 
et al., 1985). Two thirds of the remaining dry-weight consists of Type Ill collagen and elastin 
(FRANK et al., 1987). The collagen fibres are arranged parallel to the long axes of the 
ligaments and show a typical crimp pattern under light microscopy (FRANK et al., 1985). 
Several functions have been proposed for the ligaments and the capsule. Based on anatomical 
studies, bench tests and computer simulations, several authors provided evidence that the 
arrangement of the ligaments in the knee joint is responsible for the joint kinematics (GOOD-
FELLOW and O'CONNOR, 1978; KAPANDJI, 1970; HUSON, 1978; MULLER, 1983). They 
postulated that the arrangement of the ligaments in the knee joint resembles a four bar linkage 
system and demonstrated that if the tibia is moved, while the femoral insertion points of the 
cruciate ligaments are fixed, the resulting path of the tibial plateau describes approximately 
the shape of the femoral condyles. Other studies, however, suggested that knee joint 
kinematics is primarily controlled by muscle action and the geometry of the articulating 
surfaces and that the ligamentous apparatus evolves anatomically around this motion. WANG 
et al. (1973) reported a change in the length of the knee ligaments of more than 20% for the 
collateral and approximately 10% for the cruciate ligaments, indicating that modelling them 
as rigid bodies, as was done in a four bar linkage system, does not resemble their physiologi-
cal behaviour. BLACHARSKI et al. (1975) could not detect any significant changes in the joint 
kinematics after resecting one or more of the ligaments in a cadaveric model. MURPHY et al. 
(1985), who recorded in vivo skeletal motion of the normal knee during various activities, 
reported different paths of the tibia during flexion and extension which would be incompatible 
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with a rigid control of joint motion by the ligaments. 
Numerous authors proposed a stabilizing function of the ligaments, particularly in full exten-
sion of the limb (JACKSON, 1984; MARSHALL and BAUGHER, 1980; JAMES, 1980; 
FISCHER et al., 1978; GROOD et al., 1978). Based on clinical and anatomical studies, they 
suggested that in full extension, the cruciate ligaments would become taut and would then 
be able to maintain stability. GROOD et al. and HARRINGTON (1976) suggested furthermore 
that the lateral collateral ligament is the major stabilizing structure against a varus moment. 
HARRINGTON calculated a peak lateral collateral ligament force of 636 N during normal 
walking based on gait analysis and a cruciate ligament force of between 154 and 609 N. 
Several authors studied the effect of the ligaments and capsule on joint stiffness and laxity 
by transecting one or more of those structures (MARKOLF et al., 1976; HSIEH and WALKER, 
1976; CROWNINSHIELD et al., 1976; GOLLEHON et al., 1987 and SPINELLI et al., 1988). 
They demonstrated that, in the absence of a muscle or joint load, stability was markedly 
reduced after consecutive resection. CROWNINSHIELD et al. compared their experimental data 
with an analytical model and reported a good agreement. However, when repeating the 
experiments under axial load or muscle pull, a significant difference was noted (HSIEH and 
WALKER; MARKOLF et al., 1981; SPINELLI et al.). A marked increase in joint stiffness was 
seen for the intact joint and the effect of transecting any of these structures was significantly 
reduced. HSIEH and WALKER stated that under certain conditions, the joint did not dislocate, 
even after all of the intrinsic structures had been removed. MINNS ( 1981), TANSEY et al. 
(1977) and PIZIALI et al. (1980) came to similar conclusions after radiological and anatomical 
studies. 
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Others, (LOWE, 1974; POPE et al., 1976; DAHLKVIST and SEEDHOLM, 1990; OLMSTEAD 
et al., 1986) measured joint stiffness in patients with ligamentous injuries and normal subjects 
by recording a force-deflection curve. All, but OLMSTEAD et al., performed their studies with 
all knee joint muscles relaxed. Under this condition, they found a large initial laxity until the 
ligaments were aligned and the joint had seated itself. After this initial phase, a more linear 
increase in the deflection curve followed, resulting from the compliance of the ligaments and 
capsule. Furthermore, they found a good correlation between the change in stiffness pattern 
and previously diagnosed injuries to specific ligaments. OLMSTEAD et al., however, found 
that the initial stiffness was much larger in the presence of a muscle force and maximum 
(terminal) displacement was significantly reduced for a given moment. 
Although proprioception has been considered a function of ligaments and capsule for some 
time, only recently researchers have suggested that neurosensory control may be the primary 
function of ligaments (BRAND, 1986; FRANK et al., 1987). FRANK reviewed, in great depth, 
the current research on neurosensory function of ligaments. It appears that, due to the 
combination of different mechanoreceptors found in the capsule and ligaments, these 
structures are perfectly equipped to provide feedback about joint position and movement. 
One may conclude from these studies that the primary function of the ligaments and the 
capsule is neurosensory and proprioception. Stability may only be provided in situations where 
the external moments and forces exceed the intrinsic stability provided by the joint geometry 
and the muscle forces. In this context, it is interesting to note that the ultimate tensile 
strength of the anterior cruciate ligament and the distal portion of the iliotibial band is well 
below the strength of the muscle tendons (BUTLER et al., 1985). From an engineering 
perspective, one would expect that, if passive stability is the primary function, these tissues 
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would be as least as strong and stiff as the tendons whose function is primarily the transmis-
sion of muscle force. 
The iliotibial band or tract is unique in several ways and, therefore, is discussed separately. 
Proximally, it can be considered a tendon, since it represents the continuation of the tensor 
fascia lata muscle and the greater portion of the gluteus maximus muscle. At the level of the 
knee, it has the characteristics of a ligament. Furthermore, it is interesting that it is only found 
in man and has not been described in other mammals (KAPLAN, 1958), although the tensor 
fascia lata muscle was identified in all mammals dissected. KAPLAN concluded that the 
iliotibial band is an independent structure possibly evolved from the fascia lata and developed 
due to the change in position of the pelvis from horizontal in the quadruped to almost vertical 
in man. Anatomical and experimental studies by various authors (THOMSEN, 1934; SPRAN-
GER and BREITENFELDER, 1980; PAUWELS, 1980) demonstrated a tension band effect of 
the iliotibial band on the lateral side of the femur. JACOB et al. (1982) measured the dynamic 
force in the distal third of the iliotibial band during normal walking in three volunteers. 
Although the variation among the subjects was large, they could demonstrate a dynamic force 
reaching a peak load of up to 700 N. 
However, there is no clear evidence whether the iliotibial band can exert a dynamic force on 
the tibia. SYDNEY et al. (1987) observed strong distal femoral insertions through the lateral 
intermuscular septum into the linea aspera and the lateral epicondylar tubercle of the femur 
and concluded that the iliotibial band can only function as a passive stabilizer of the knee. 
Similar observations were reported by TERRY et al. (1986). However, it appears that the 
iliotibial band can be actively tensioned due to its attachment to the musculature and does not 
have to rely on joint movement to generate a tensile force across the joint like other passive 
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stabilizers e.g. ligaments, although it does not possess the mobility of a tendon. 
2.2.4 Muscles of the Knee Joint 
The basic functions of muscles are to produce movement and provide stability against external 
forces. Although, biomechanically, tendon and muscle belly can be considered as one system, 
they serve two different functions. These are the generation of force by the contractile 
elements in the muscle belly, and the transmission of the force by the tendon. In general, 
muscles are described by their origin and insertion, which is usually sufficient to determine 
their line of action and the effective lever arm of the muscle. This analysis becomes more 
complicated if, for example, the muscle has a fan-shaped origin, the tendon wraps around 
bony points, or the muscle bridges two joints. In these cases, additional assumptions have 
to be made with regard to their biomechanical action. Furthermore, it is important to consider 
the actual position of the joint since the line of action may shift relative to the centre of rota-
tion for different positions. 
At the knee joint, the actions of the muscles are generally described in terms of four move-
ments; i.e. extension, flexion, internal and external rotation (GRAY 1972). The quadriceps 
muscle (vastus medial is, vastus intermedius, vastus lateralis and rectus femoris) is responsible 
for extension, and flexion is produced by sartorius, gracilis, biceps femoris, semitendinosus 
and semimembranosus. Flexion is additionally supported by the following calf muscles: 
popliteus, plantaris and gastrocnemius. The popliteus muscle is the principal internal rotator, 
and is augmented by sartorius, gracilis, semitendinosus and semimembranosus when the knee 
is in a flexed position. Similarly, the biceps femoris muscle acts as an external rotator in the 
flexed knee. It is further postulated that the gluteus maximus and tensor fascia lata brace the 
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knee in extension through the iliotibial tract (THOMSEN, 1934; SPRANGER and BREITEN-
FELDER, 1980; PAUWELS, 1980). 
In most studies of the functional anatomy of the 
knee, the muscular control of abduction and adduc-
tion is omitted. Although this is understandable due 
to the lack of obvious muscle groups involved in 
these movements and the dominance of capsular 
and ligamentous structures on either side of the 
knee, one can reasonably assume that any muscle 
force lateral to the instant center of rotation would 
act as an abductor and vice versa for muscles on 
the medial side. This is demonstrated in Figure 2.9 
which shows that in the case of an external adduc-
tion moment, the contact would shift into the medial 






External adduction moment 
Figure 2.9 : Lever arm of biceps femo-
ris muscle amounts to approximately 
3/4 of the tibial plateau width if con-
tact point is located in medial compart-
ment. 
muscle a lever arm of approximately 3/4 of the tibial width. Similarly, the muscles of the pes 
anserinus and the semimembranous muscles could act on a similar lever arm, should the 
contact point shift into the lateral compartment. This was also recognized by GOODFELLOW 
and O'CONNOR (1978) who stated that the active control of the position of the contact area 
depends, at any moment, on the balance of the acting muscles forces. Others (OLMSTEAD 
et al., 1986) have demonstrated that knee laxity and terminal displacement decreases in the 
presence of a flexion or extension moment. 
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Unfortunately, little is known about the actual muscle forces during normal walking. Attempts 
have been made to predict the muscle forces either from EMG activities or by using optimiza-
tion techniques combined with experimental data recorded during gait analysis, which will be 
reviewed in this section. In addition to the force, it is also important to know at which phase 
of the gait cycle each muscle is active. The latter information can be obtained fairly accurate-
ly from EMG data. 
PERRY et al. (1975) and NISELL (1985) investigated the effect of various parameters on the 
quadriceps force in cadaveric and in vivo tests. PERRY el al. stated that the quadriceps 
strength increases from 1.8 x body weight to 6.8 x body weight if the flexion angle increases 
from 5 to 75 degrees, and NISELL calculated a flexion moment of about 15 Nm for lifting a 
1 2.8 kg box with the knees flexed, which equals a quadriceps force of approximately 4,000 N 
or 5 x body weight. He estimated that the force required to rupture the quadriceps tendon 
during parallel squat would be between 10,900 and 18,300 N. Furthermore, he demonstrated 
that the quadriceps tendon force is approximately 1.3 times the patella tendon force at flexion 
angles larger than 30 degrees due to the shift of the patellofemoral contact point. This value 
is much smaller than the data presented by PERRY et al. who reported a quadriceps : patella 
force ratio of 3: 1. 
STAUFFER et al. ( 1977) investigated different biomechanical parameters including the 
maximal isometric strength of hamstrings and quadriceps muscles, of normal subjects and 
patients with either rheumatoid or osteoarthritis. They measured in the normal group a 
maximal isometric hamstring moment of 52.3 Nm and a maximal quadriceps moment of 
133.9 Nm. In both patient groups, these moments were below normal with a more significant 
reduction being seen in the osteoarthritic patient group. The hamstrings moment was reduced 
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more than the quadriceps moment, and the ratios (of reduction) for the two moments in OA 
and RA respectively were as follows : - hamstrings 70%/45%; quadriceps 55%/23%. The 
results for normal subjects are in good agreement with the data presented by SMIDT (1973) 
who also studied the forces and moments involved in maximum isometric contractions of the 
flexor and extensor muscles of the knee. He reported a maximum extension moment of 
117 Nm, while the flexion moment amounted to 62 Nm. The force in the patellar tendon in-
creased from 1 391 N at 5 degrees of flexion to 2 71 5 N at 90 degrees, while the peak 
hamstring force decreased from 2649 N to 14 77 N over the same range of movement. 
MORRISON (1968, 1970) calculated the quadriceps, hamstrings and gastrocnemius force in 
an analytical model based on gait analysis data. He calculated a peak quadriceps force of 
750 N, a hamstring force 1200 N and a gastrocnemius force of 1040 N. REILLY and MAR-
TENS (1972) calculated a peak quadriceps force of 820 N during level walking. 
More complete models for the analysis of the muscle forces have been developed by others 
(SEIREG and ARVIKAR, 1975; TANSEY et al., 1977, CROWNINSHIELD and BRAND, 1981; 
MIKOSZ et al., 1988a; SCHUTTE, 1988). TANSEY's model was least elaborate and included 
only some of the structures around the knee. The gastrocnemius was modelled as a single 
muscle acting in a sagittal plane. The model predicted a quadriceps force at the beginning and 
end of stance, simultaneously with biceps femoris, semitendinosus and semimembranosus. 
It was estimated that the gastrocnemius force would reach its peak during the third quarter 
of stance. SEIREG and ARVIKAR's model included 31 muscles per leg, 6 resultant joint forces 
(ankle, knee and hip bilaterally), and the patellar reaction forces. To resolve this indeterminate 
system, the following objective function was used : minimization of the sum of all the muscle 
forces plus four times the sum of the moments at all joints. The model was solved for quasi-
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Figure 2.10 : Forces in quadriceps muscle during stance as predicted by analytical models 
and optimization techniques. (adapted from CROWNINSHIELD and BRAND, 1981; MIKOSZ 
et al., 1988a; SCHUTTE 1988) 
static conditions. The largest force in the quadriceps muscle was calculated during the initial 
stance phase and amounted to 14 70 N. Peak hamstring forces were calculated for the mid-
stance phase, amounting to approximately 1100 N. High forces were predicted for the calf 
group (soleus and gastrocnemius) both at the beginning of stance (924 N) and for mid-stance 
(1300 N). 
The models presented by SCHUTTE and CROWNINSHIELD are, in many aspects, very similar 
to each other; in fact SCHUTTE's approach is based on the geometrical data obtained by 
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CROWNINSHIELD and BRAND. Both 
studies used the same optimization crite-
rion of minimizing the sum of the cubes 
of t he muscle stresses. Additional con-
straints limited the magnitude of the 
muscle forces, the resultant joint contact 
forces, and the patellar tendon force. 
However, SCHUTTE'S approach, in 
cont rast to CROWNINSHIELD and 
BRAND, was fully three dimensional and 
included ligaments and sliding contact in 
the analysis. A different approach was 
presented by MIKOSZ et al. The solution 
algorithm of their mathematical muscle 
model of the knee joint was based on a 
random selection of muscle forces within 
physiological constraints. The idea be-
hind this approach was that the body 
randomly chooses a combination of 
muscle forces to fulfill the stability re-
quirements , rather than using criteria 
based on physiological conditions, e.g. 
minimizing energy consumption . The 
authors then presented one possible 
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Figure 2.11 : Forces in muscles inserting on the 
lateral side of the knee during stance as predicted 
by analytical models and optimization techniques. 
(adapted from CROWNINSHIELD and BRAND, 
1981; MIKOSZ et al., 1988a; SCHUTTE 1988) 
solution out of the infinite number of physiologically reasonable choices. The results of these 
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Figure 2.12 : Forces in gastrocnemius muscle during stance as predicted by analytical 
models and optimization techniques. (adapted from CROWNINSHIELD and BRAND, 1981; 
MIKOSZ et al., 1988a; SCHUTTE 1988) 
three studies are summarized in Figures 2.10 to 2.13. The three models are in good agree-
ment with each other in terms of the timing of the muscle action. However, significant differ-
ences can be noted in the magnitude of the muscle forces. SCHUTTE's three dimensional 
model generally predicted larger forces than the models by CROWNINSHIELD and BRAND, 
which modelled the knee joint as a simple hinge-joint. 
For the purpose of comparison, SCHUTTE also modelled the knee joint without ligaments and 
as a hinge-joint. Generally, the changes seen after omitting the ligaments were very small and 
she concluded that the effect of ligaments on normal joint stability is negligible. In the hinge-
joint model more marked changes were noticed for the muscles lying further away from the 
mid-sagittal plane of the knee. The medial hamstring force decreased and the force of the 
medial head of gastrocnemius increased in the early phases of stance. Furthermore, the 
forces in the biceps femoris and tensor fascia lata muscles were reduced. The most marked 
change was seen for the force of the lateral head of gastrocnemius. The peak force after 
30% of stance was reduced to approximately 0.3 x body weight from 2.8 times body weight 
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Figure 2.13 : Forces in muscles inserting on the medial side of the knee during stance as 
predicted by analytical models and optimization techniques. (adapted from CROWNIN-
SHIELD and BRAND, 1981; MIKOSZ et al., 1988a; SCHUTTE 1988) 
in the unconstrained 3-D model. The results presented by MIKOSZ et al. are less conclusive . 
The fact that their predicted force data lay in the same range as the data of the other authors, 
however, demonstrated the basic validity of their model and may make it a useful tool in 
modelling the malfunction of selected muscles, (for example, in paralysis). 
The reliability of optimization techniques and the sensitivity of muscle force prediction to 
changes in the physiologic cross-sectional area (PCSA) was later investigated in more detail 
by BRAND et al. (1986). The authors found that the solutions were sensitive to the assump-
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tions made for the PCSA and recommended, 
therefore, the use of optimization techniques 
for parametric studies, rather than the pre-
diction of absolute muscle forces. 
Several authors presented EMG data for the 
whole lower extremity (ANONYMOUS, 
1953; MORRISON, 1968; SEIREG and ARVI-
KAR, 1975; CAVANAGH and GREGOR, 
1975; CROWNINSHIELD and BRAND, 1981; 
MIKOSZ et al. , 1988a). Their results are 
summarized in Figure 2.14. The EMG activi-
ty is graded on a scale of O to 3, with 3 
representing peak activity during a full gait 
cycle, and O representing no (or baseline) 
activity. The data were then averaged for 
all authors. In general, good agreement 
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ity levels as demonstrated by the marked Stance phase [%) 
changes with time for most muscles, even Figure 2.14 : EMG activity in all major muscles 
of the lower extremity during each quarter of 
after averaging. Differences in the data stance. The data are averages of several stud-
ies expressed on a 1 to 3 scale . 3 represents 
could be noted with respect to absolute maximum activity. See text for details and 
references. 
activity levels. However, the problem of 
quantifying EMG data has been previously recognized in the literature (SODERBERG and 
COOK, 1984). Nevertheless, peak activity can be seen for the anterior and lateral muscles 
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during the early phases of stance. During the latter half of stance, high activity levels are 
demonstrated for the tensor fascia lata and the gastrocnemius muscles. An increased activity 
level can be noted for the medial muscles towards the end of stance. 
The data presented in these studies demonstrated a clear time dependent behavior of the 
activity levels of the muscles. However, little is known yet about the forces generated by the 
muscles during normal walking and other daily activities. The force data obtained by analyti-
cal models are currently the best available, but by no means satisfy the requirements for an 
accurate and complete understanding of the biomechanics of the knee joint. 
2.3 Kinematics of the Knee Joint 
It is the purpose of this section to discuss the relative movements between tibia, femur and 
patella . The following convention for a co-ordinate system will be used during the discussion 
of the joint kinematics. The origin of the coordinate system is based in the centre of the knee 
joint and fixed to the tibia. The positive x-axis points medially, the y-axis anteriorly and, the 
z-axis proximally. 
The bony surfaces provide a low degree of constraint and, unlike the hip joint, all three 
degrees of translation and three degrees of rotation are relatively unrestricted by bone. 
However, translation along all three axes, as well as rotation around the y and the z axes are 
severely limited by the soft tissues, including menisci, ligaments, capsule and muscles. Only 
rotation around the x-axis {flexion/extension) can be considered functionally unrestricted 
within the physiological range. For this reason, most studies of the kinematics and kinetics 
of the lower limb have modelled the knee as a hinge-joint and have neglected abduction/-
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adduction and internal/external 
rotation . Although much smaller 
in magnitude than the flexion/-
extension movement, they are of 
physiological significance as 
demonstrated in Figure 2.15. The 
graphs have been adapted from 
data published by LAUGHMAN et 
al. (1984) and LAFORTUNE and 
CAVANAGH (1985). LAUGH-
MAN 's data were measured by 
attaching reflective markers to 
the skin and are averages of data 
obtained from five subjects. Their 
results for sagittal and coronal 
plane movements are in good 
agreement with the data by GOD-
FREY and FALCONER ( 1980), 
who used electro-goniometers 
and WHITTLE and JEFFER-
SON (1982) who used a video-
based, reflective marker system. 
LAFORTUNE and CAVANAGH 
utilized an array of four reflective 
markers, each attached to Stein-
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Figure 2. 15 : Kinematic data of the knee during a full gait 
cycle, obtained by using reflective markers attached to 
the skin (LAUGHMAN et al., 1984) or femur and tibia by 
pins (LAFORTUNE and CAVANAGH, 1985). 
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mann pins, which were inserted into the patella, femur and tibia of 3 volunteers. This method 
eliminated any artifacts due to skin movement which can account for up to two degrees or 
7% for angular changes and 7 mm or 4% for distances when compared with stereoradio-
graphic techniques using metal markers implanted into the bone (HOSCHEK and SCHELSKE, 
1985). 
It can be seen from Figure 2.15 that full extension is reached at heel strike and mid-stance, 
while peak flexion is reached shortly after toe-off. There is some discrepancy in the results 
for adduction and abduction. The differences for movements in the coronal plane during the 
swing phase may be due to subject variability or the method used. But it is interesting to note 
that no angular change was seen during the entire stance phase in the study using bone mark-
ers. The curves recorded for internal and external rotation were similar for both methods and 
demonstrated peak internal rotation prior to and during toe-off, while peak external rotation 
was reached prior to heel strike, coinciding with full extension of the knee. 
While the previously discussed investigators studied the gross movement between tibia and 
femur, others have examined the movements and types of motion occurring at the articulating 
surfaces of the joint. GOODSIR (1868) was probably the first to describe the motion between 
the articulating surfaces as a rolling-gliding movement of the femoral condyles on the tibia. 
He further stated that during flexion and extension, the inner condyle is fixed relative to the 
tibia , while the outer condyle describes an arc. He concluded that the flexion/extension 
movement of the knee is accomplished between two conical double threaded screw combina-
tions. For the right knee, this would be an anterior left-handed screw and a posterior right-
handed screw. These early observations were later investigated in more detail (ISEKI and 
TOMATSU, 1976; SEGAL and JACOB, 1983). Although there is some discrepancy with 
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regard to the length of the different phases, both authors agree that at the beginning of 
flexion, the femoral condyles roll on the tibia, followed by a combined rolling/sliding phase. 
For flexion angles greater than 60 degrees, the femoral condyles slip on the tibial plateau. 
Simultaneously, the physiological valgus angle decreases and tibia and femur become aligned 
in the frontal plane. Due to this combined rolling and gliding movement, the contact point 
between tibia and femur moves posteriorly on the tibial surface (MAOUET 1976, AHMED and 
BURKE 1983, ISEKI and TOMATSU 1976 and NISELL 1985). DYE et al. (1987) quantified 
the amount of gliding and rolling during a full flexion cycle, using cine computed tomography 
on cadaveric joints. They determined that the total posterior shift of the contact point on the 
tibia amounted to 10 mm in the medial compartment and 23 mm in the lateral compartment. 
At the femur, the contact point shifted 48 mm medially, and 52 mm laterally. 
There has been great interest in defining the centre of rotation of the tibia on the femur, 
particularly since the development of artificial knee joints. In 1910, FICK determined the 
centre of rotation of the tibia assuming planar flexion/extension movements. He reported a 
U-shaped involute open proximo-posteriorly. The base of the U was located approximately on 
the femoral epicondyle. SMIDT (1973) also stated that the involute was located in the region 
of the lateral femoral epicondyle, but determined that it was open in an antero-distal direction. 
This discrepancy demonstrates the potential problems of modelling knee joint movement as 
a planar flexion/extension motion. SOUDAN and VAN AUDEKERCKE (1979) stated that a 
tibial rotation of as little as 5 degrees can move the apparent centre of rotation by up to 3 cm. 
By including the full, three-dimensional movement, CROWNINSHIELD et al. (1976) and 
BLACHARSKI (1975) determined an axis of rotation rather than a single centre of rotation. 
They demonstrated that on the medial side, the centre of rotation lies well above the tibial 
plateau and moves distally and posteriorly during flexion, while on the lateral side, the centre 
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of rotation is located near the tibial plateau moving proximally and slightly posteriorly. 
In full extension, the patella rests against the patellar surface of the femur. In this position, 
an angle, called the Q angle averaging 14 degrees, can be observed between the quadriceps 
axis and the patella tendon (INSALL et al., 1976). This angle is a function of the rotation of 
the tibia. OLERUD and BERG (1984) reported that the O angle increases with internal rotation 
of the lower limb and HUNGERFORD and BARRY (1979) stated that the screw-home move-
ment in the terminal 30 degrees of extension produces the O angle, due to the lateralisation 
of the tibial tuberosity relative to the femur. 
With increasing flexion, the patella slides into the intercondylar fossa of the femur. For flexion 
angles greater than 110 degrees, the patella slides out of the intercondylar groove and the 
patello-femoral joint becomes a tendo-femoral joint between the quadriceps tendon and the 
femur. If viewed laterally, the patellar tendon points anteriorly at an angle of approximately 
20 degrees to the tibial axis in full extension. This angle decreases with flexion and, in full 
flexion, the patella tendon points posteriorly at an angle of approximately -20 degrees (VAN 
EIJDEN et al., 1985). 
The posterior shift of the centre of rotation of the knee joint relative to the tibia, and the 
changing angle between the patella ligament and the tibial axis, changes the effective lever 
arm for the quadriceps muscle. The moment arm increases between O and 30 degrees of 
flexion, remaining constant up to approximately 60 degrees and then decreasing slightly in 
further flexion (NISELL, 1985). 
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2.4 Knee Joint Forces 
There has always been great interest in determining the joint forces during various activities, 
particularly normal walking and running. This interest stems from several applications 
including : the study of normal and pathological gait, planning of corrective osteotomies, 
design and failure analysis of implants and follow-up of surgical procedures. Unfortunately, 
however, there is no direct means to measure the magnitude and direction of the resultant 
joint force in normal subjects. Researchers, therefore, have used various indirect techniques 
to make predictions for the joint forces or to measure the contact pressures in cadaveric 
models. These techniques can be divided into three basic groups: 
1 . The assessment of static postures using analytical or numerical methods. The re-
quired geometrical data are obtained from physical examinations or radiographs. 
2. The estimation of joint forces based on kinetic and kinematic data obtained by gait 
analysis. These models can be further enhanced by using optimization techniques 
to approximate the magnitude of the muscle forces. 
3. Cadaveric studies of knees instrumented with different sensors, e.g. strain gauges, 
force or displacement transducers placed in joint simulators and loaded in various 
configurations. 
The force analysis of the knee joint is further complicated by its anatomy, where contact and 
load transmission can occur in either of the two compartments or in both. 
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Early ground breaking work on the dynamics of human gait was performed by BRAUNE and 
FISCHER (1889). They recorded the movements of all body segments and then calculated the 
velocities and accelerations of these segments. From these data, together with the mass of 
each segment, they determined the joint moments required to produce the movements. 
However, they did not calculate the resultant joint force, since the external forces acting on 
the body were not measured. BRESLER and FRANKEL (1950) combined both kinematic data 
and external forces to determine the three components (Fx,Fv,F,) of the joint force during 
normal walking. The largest component was the vertical force showing a double-peak 
configuration (1 x and 1.2 x body weight , respectively). Although the medio-lateral component 
was very small , a significant adduction moment was measured during the entire stance phase 
due to the length of the lever arm. MORRISON (1968, 1970) refined BRESLER and FRANKEL'S 
model by including the quadriceps, hamstrings and gastrocnemius muscles, as well as the 
cruciate and collateral ligaments in his model. However, he assumed that only one anatomical 
structure provided stability in 
each plane at any time. With 
these assumptions, he determin-
ed the resultant joint force during 
stance, as shown in Figure 2.16. 
He concluded that the three 
peaks observed were due to the 
action of the three flexor/exten-
sor muscle groups included in the 
model. Furthermore, he stated 
that the trough between the 
peaks could, in reality, be re-
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Figure 2.16 : Resultant knee joint force during normal 
walking as predicted by MORRISON (1970). The three 
peaks shown are due to contraction of the muscles indi-
cated. 
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duced by antagonistic muscle action which was not included in this model. He also showed 
that during stance, the main portion of the load was transmitted through the medial com-
partment. In 1975, CAVANAGH and GREGOR determined that the peak extensor moment 
would increase with walking speed and concluded, therefore, that the resultant joint force 
would also be a function of walking speed. SEIREG and ARVIKAR (1975) used an optimiza-
tion technique to include all major muscles crossing the knee joint (see section 2.2.4). Their 
results for the resultant joint force (with respect to time) were similar to the results obtained 
by MORRISON. However, they calculated a peak resultant joint force of 7.1 x body weight. 
HARRINGTON's results (1976) were in good agreement with the data of MORRISON. He 
determined a peak joint force of 3.5 x body weight. Furthermore, he concluded that the 
centre of the joint pressure was located laterally only immediately after heel strike, while it 
would shift into the medial compartment during the remaining period of the stance phase. 
TANSEY et al. ( 1977) included selected muscles and the major ligaments of the knee. The 
indeterminate system was solved by eliminating certain unknowns at different phases of 
stance based on user defined conditions. They predicted a double peak curve for the medial 
and lateral compartment force at different phases of stance. In the medial compartment the 
two peaks occurred at 25% and 75% of stance with only a slight unloading between them. 
Laterally, two peaks were predicted immediately after heel strike and toe-off. During mid-
stance only a small lateral compartment force was estimated. ROHRLE et al. (1984) presented 
a model which included all major muscle groups. The knee was modelled as a hinge joint, 
allowing only one degree of freedom for flexion and extension. They used optimization 
techniques to solve the indeterminate system, and predicted two peaks for the resultant knee 
joint force. The first, amounted to 3 x bodyweight (20% stance phase), while the second 
peak was 6.2 x bodyweight (80% stance phase) at a walking speed of 1.3 m/s. In 1983, 
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HARRINGTON used the previously described technique to study gait differences between 
normal subjects and patients with a knee deformity. He showed that in a varus deformity, the 
load was always transmitted through the medial compartment, producing complete unloading 
on the lateral side. He could not observe complete unloading of the medial compartment for 
a valgus deformity. The average peak force decreased for any deformity to approximately 
2.5 x bodyweight, due to changes in the walking pattern which protected the affected com-
partment. JEFFERSON and WHITTLE (1984) compared the medial and lateral compartment 
forces for normal subjects and patients with varus and valgus deformities. In the normal 
group, they determined a double peak, both for the medial and lateral compartments. The peak 
forces in the medial compartment were similar in magnitude and reached approximately 
1,300 N, while during mid-stance, the medial compartment force equalled approximately 
600 N. Laterally, the first peak was seen immediately after heel strike and equaled 800 N. 
During mid-stance, the lateral compartment was almost completely unloaded. A second peak 
of 450 N was reached during terminal stance. In comparison, no double peak was seen in 
patients with a deformity. In this case, the highest joint forces were seen during mid and 
terminal stance. In a varus deformity, the medial compartment force reached 1,400 N, while 
the lateral compartment was completely unloaded. In valgus, the two compartments were 
equally loaded by a force of approximately 600 N. The reduction of the joint forces in the 
presence of a deformity is in good agreement with HARRINGTON's data. After knee replace-
ment, which only partially corrected the deformities, a medial compartment load of 1,900 N 
was measured for varus knees, while the valgus knees returned to normal. This can be 
attributed to the improved function and reduced pain after surgery. 
In a study by PRODROMOS et al. (1985), particular emphasis was placed on the adduction 
moment at the knee. They measured the adduction moment of patients with a varus deformi-
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ty and compared this moment with normals using gait analysis techniques. They measured 
a peak adduction moment of approximately 46 Nm based on a body weight of 800 N and a 
height of 1. 75 m. This result correlates well with the data obtained by MORRISON, who 
calculated a peak moment of 43 Nm, whereas BRESLER and FRANKEL (1950) predicted a 
moment of only 20 Nm. WHITTLE and JEFFERSON (1982) reported a peak adduction 
moment of 28 Nm during the second half of stance. They reported an increase in the adduc-
tion moment for patients with a deformity as compared to normal. 
PRODROMOS et al. (1985) reported in their study that, after an average follow-up of 3.2 
years, a significant correlation between the surgical outcome of high tibial osteotomies and 
the pre-operative adduction moment was seen. Patients with a high initial adduction moment 
continued to present with higher values even if accurate correction of the osteotomy was 
achieved. These earlier results were confirmed in a second follow-up study (average 5 years) 
(WANG et al., 1990). Furthermore, they found a significant correlation between the magni-
tude of the knee adduction moment of and the "inversion" moment of the ankle. The patients 
with the lower adduction moment rotated the foot externally. The authors hypothesized that 
this would shift the mechanical axis laterally and, thereby, reduce the medial compartment 
forces. Comparing these results with a study by YAGI and SASAKI (1986), it is interesting 
to note that the latter observed a significantly decreased external torsion of the tibia for knees 
with medial compartment osteoarthritis. They reported a significant correlation between the 
magnitude of the decrease and the stage of the disease and noted that in approximately 60% 
of the cases, the torsion was localized to the proximal tibial region. In 36% of the cases, the 
torsional deformity was located in the distal tibia. 
KETTELKAMP and CHAO (1972) described a method to calculate the medial and lateral joint 
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forces based on standing antero-posterior radiographs. The model included the medial and 
lateral collateral ligament force and two joint forces, one in the medial and the other in the 
lateral compartment. The line of action of the compartment forces was determined by the 
contact point and the centre of the arc of the articulating surfaces in the region of the contact 
point. It is evident that this model would predict either a compressive load in the compartment 
or a tensile force in the respective ligament during condylar lift-off. Ligament and compart-
ment forces were calculated as a function of the tibio-femoral angle. Contact point and line 
of action of the forces were held constant during the calculations. More recently, HSU et al. 
(1990) presented a study of 120 normal subjects using a more advanced model based on the 
previously described technique. The new model included spring elements to simulate the 
elastic behavior of the cartilage, the lateral and medial hamstrings, as well as the quadriceps. 
However, the line of action of the lateral and medial hamstrings is assumed to be identical to 
the line of action of the respective collateral ligaments. The contributions of the gastrocnemius 
and the iliotibial band were neglected. The muscle forces were user defined based on various 
conditions. They reported a normal force of 0.95 x body weight for the assumed condition. 
Furthermore, they calculated that the medial plateau force would amount to approximately 
75% of the total force, while the medial plateau contact area would only be 60% of the total 
area. Their model predicted a linear relationship between the coronal tibio-femoral angle and 
the portion of the total joint force transmitted by the medial compartment. 
SMIDT (1973) used a combination of quasi-static load measurements and medio-lateral 
radiographs. He determined that during maximum isometric contraction of the quadriceps, the 
peak compressive force amounted to 2,740 Nat 90 degrees of flexion, and would decrease 
to 1 ,320 N at 5 degrees of flexion. During isometric contraction of the hamstrings, the highest 
compressive force was calculated at 5 degrees of flexion and amounted to 2690 N. This force 
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would decrease to O N at 90 degrees of flexion due to the line of action of the muscle. 
JOHNSON et al. (1980, 1981), using a static model, determined that in a 4 degree varus 
deformity the entire load would be transmitted through the medial compartment, while load 
transmission through the lateral compartment alone would only occur for a valgus deformity 
of greater than 15 degrees. MINNS (1981 ), however, stated that medial and lateral compart-
ment forces would be equal at an anatomical valgus of 10.3 degrees. At an anatomical valgus 
of 7 degrees, he calculated a medial to lateral force ratio of 60% to 40%. He also predicted 
condylar lift-off and collateral ligament tension only for varus/valgus angles greater than 10 
and 20 degrees, respectively. LANSHAMMAR (1989) enhanced MINNS's model by allowing 
the ground reaction force to pass outside the joint. Unloading of the lateral condyle was ob-
served when the distance between the ground reaction force vector and the centre of the 
knee joint was larger than 30 mm. This distance increased in the presence of quadriceps pull. 
Various studies, however, have raised doubts about the validity of static methods to deter-
mine the medial and lateral compartment loading (JOHNSON et al., 1980; HARRINGTON, 
1983; PRODROMOS et al., 1985; and SVENSSON et al., 1989). All these authors stated that 
no correlation between the magnitude of the varus/valgus angulation and the adduction 
moment at the knee could be found. This clearly indicates that other parameters have to be 
included when analysing deformed joints. 
2.5 Pressures in the Knee Joint 
Several methods have been described to measure directly or indirectly the compartment 
pressures for various conditions, including meniscectomy or deformity (for detailed discussion 
of different pressure sensor and techniques, refer to following section). CHAND et al. (1976) 
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determined the peak contact stresses and the contact area in a two-dimensional finite element 
model and also in two-dimensional and three-dimensional photo-elastic models. They calcu-
lated a medial compartment pressure of 3.4 MPa and a lateral compartment pressure of 
2.8 MPa for a resultant joint load of 3,636 N. At this load, the contact area equalled approxi-
mately 75% of the total condylar area. PERRY et al. (1975) osteotomized the tibia below the 
tibial plateau and placed force sensors between the plateau and the shaft to measure the 
resultant joint force as a function of flexion angle and applied load in a cadaveric model. They 
determined that the tibia-femoral contact force equalled the sum of the femoral head force and 
the quadriceps force. KOSTUIK et al. (1975) osteotomized the tibia, preserving only a 6 mm 
thick slice of the tibial plateau. This slice was placed on a special table mounted on three load 
cells and then loaded through the femur. From the readings of the three load cells the authors 
calculated the x and y coordinate of the contact force. By shifting the applied load medially 
or laterally, varus or valgus deformities were simulated. The authors stated that a three degree 
varus/ valgus deformity would be sufficient to unload the opposite compartment. 
Some authors (MAOUET, 1976; WALKER and ERKMAN, 1975; KRAUSE et al., 1976; 
SEEDHOM, 1979; SEEDHOM and HARGREAVES, 1979; JOKIO et al., 1984) determined the 
contact area using various techniques to estimate the mean contact pressure. MAOUET calcu-
lated an average pressure of 0.55 kPa per N applied load. KRAUSE et al. determined an 
average contact pressure of 0.48 kPa/N. SEEDHOM and HARGREAVES subdivided the contact 
stresses into direct and meniscal stresses. They reported that the medial direct contact stress 
amounted to 3. 7 kPa/N and the mean meniscal contact stress to 2.5 kPa/N. On the lateral 
side, the mean direct contact stress equalled 6.3 kPa/N and the average meniscal contact 
stress 2.9 kPa/N. WALKER and ERKMAN used, in addition to a casting technique for area 
measurements, a miniature pressure sensor which they inserted into the joint to measure the 
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contact pressure at various locations. They stated that although the method was not suffi-
ciently accurate for quantitative pressure measurements, conclusions could be drawn about 
the relative pressure distributions. They measured peak pressures in the central area of both 
compartments. High pressures were also recorded in the medial and lateral meniscal regions. 
The lowest pressures were measured anteriorly and posteriorly in both compartments. JOKIO 
et al. determined the tibio-femoral contact area of patients who had undergone high tibial 
osteotomies using computerised tomography. They determined a pre-operative pressure range 
of 4 to 14 MPa and a post-operative range from 2.4 to 5 MPa. The calculation of average 
contact pressures based on area measurements is however limited. No information is obtained 
with regard to the distribution of the pressure over this area. Large regions may be in contact 
with the femoral condyles but may contribute little to the force transmission. 
ENGIN and KORDE (1974) and BOURNE et al. (1984b) used strain gauges attached to the 
medial and lateral cortex to determine the portion of the total load transmitted through either 
compartment. ENGIN and KORDE determined a medial compartment force of 200 N and a 
lateral compartment force of 700 N for a normally aligned knee at an axial load of 800 N. The 
discrepancy in the medial to lateral force ratio with previously discussed studies may be due 
to the rigid mounting of the knees in this study. Complete unloading in the opposite compart-
ment was seen for deformities which were as low as 2.5 degrees. The medial compartment 
load increased to 800 N for a 2.5 degree and 900 N for a 5 degree varus deformity, while the 
lateral compartment force increased to 1,000 and, 1,300 N for 2.5 and 5 degree valgus 
angulations, respectively. BOURNE et al. measured complete unloading of the lateral compart-
ment at a 3.5 degree varus angle, while the medial strains doubled from 250 to 500 micro-
strain. However, a simulated 3.1 degree valgus deformity could not produce complete 
unloading of the medial compartment. It is noteworthy that the mounting system used by 
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BOURNE et al. utilized a universal joint both in the proximal femoral and distal tibial fixation. 
This allowed free self-adjustment of the two bones without any mechanical restrictions. 
Several studies have used a variety of pressure sensing transducers to obtain direct readings 
of the contact pressure in the human knee joint. Some researchers used Fuji Prescale film 
(FUKUBAYASHI and KUROSAWA, 1980; RIEGGER, 1986; RIEGGER et al., 1987; BARATZ 
et al., 1986; and REDFERN, 1989). 
FUKUBAYASHI and KUROSAWA used a setup in which the tibia was rigidly mounted. The 
femur was clamped to a system which incorporated a universal joint. While this arrangement 
provided three degrees of freedom , it did not facilitate horizontal translation of the axes of 
rotation, preventing free self-alignment of the femur on the tibia. Furthermore, they transected 
all ligaments after the initial alignment of the joint, based on the assumption that in neutral 
alignment the ligaments would not be required for stability. The authors reported peak contact 
pressures over the central articulating areas and the lateral meniscus. RIEGGER used a setup 
similar to FUKUBAYASHI and KUROSAWA's. The tibia was rigidly mounted and the femur 
was clamped to a fixture which incorporated a universal joint allowing free rotation around all 
three axes but no translation. Unlike FUKUBAYASHI and KUROSAWA, she preserved the liga-
ments and the capsule, which were essential for stability to test the knees in varus and valgus 
deformities. BARA TZ et al. used a rigid mounting system and left only the ligaments and part 
of the capsule intact. REDFERN's system allowed changes of the tibial angle relative to the 
load axis prior to load application. On the femoral side, he used a roller bearing running on a 
concave surface which allowed limited self-adjustment during loading. 
AHMED and BURKE (1983) used a custom designed indentation transducer which, like the 
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previously described technique, was a sheet transducer placed under the menisci on top of 
the tibial surface. The knees were mounted in a complicated loading device allowing appli-
cation of any combination of joint loads, including varus and valgus load, rotation and antero-
posterior shear. The authors stated that the tibia remained entirely unconstrained during load 
applications. It is not clear from their description how the authors maintained accurate 
repositioning, since the transducer had to be replaced for each new loading condition. 
A different approach was used by BROWN and SHAW (1984). Custom built piezo-resistive 
transducers were implanted into the femoral articular cartilage and remained there during the 
entire experiment. This allowed continuous recording of the joint contact pressures without 
repeated repositioning and replacement of the transducers. However, their mounting system 
was also relatively rigid when a load was applied. The tibio-femoral alignment was adjusted 
prior to load application and then remained unchanged during loading. The authors reported 
that the major problems of the experimental technique were the initial setup of each knee, and 
the sensitivity of the transducers and wires to moisture and mechanical damage. They 
implanted 12 transducers per condyle and calibrated the transducer in situ prior to loading. 
They reported that the spatial mean and the peak contact stress increased linearly with the 
resultant joint load. 
A completely different technique was used by INABA et al. (1990) to measure the contact 
pressures. The authors inserted pressure tubes (1.5 mm diameter) from distal to proximal 
through the subchondral bone into the articular cartilage of the tibia without penetrating the 
surface and measured the resulting change of the leak pressure during loading. Three trans-
ducers per compartment were used. One was placed under the central articulating surface of 
the tibia, one under the meniscus in line with the medio-lateral axis and one under the posteri-
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or horn of the meniscus. Their mounting system allowed free horizontal displacement of the 
tibia during loading. The authors reported peak pressure over the tibio-femoral contact areas 
under all loading conditions. Relatively high pressures were also measured under the lateral 
meniscus in line with the medio-lateral axis. The authors reported, in agreement with the 
results of BROWN and SHAW, that the pressure increased linearly with an increase in the 
resultant joint load. 
For comparison, Figure 2. 17 shows the peak pressure in : (a) medial and (b) lateral com-
partments recorded for various deformities by all these different authors. Although there is 
considerable discrepancy with regard to the absolute results, one can see an increase of the 
medial compartment pressure in a varus deformity and of the lateral peak pressure for a 
valgus malalignment. 
One group (MIKOSZ et al., 1988b) studied the effect of selected knee joint muscles on the 
medio-lateral pressure distribution. Force transducers were implanted under the medial and 
lateral plateau to measure the compartment forces. They found that the medial to lateral force 
ratio progressively decreases if quadriceps, tensor fascia lata, or both, are tensioned. 
In summary, one can conclude that peak contact pressures have been recorded over the tibio-
femoral and the adjacent menisco-femoral contact areas. In a varus or valgus deformity, the 
peak contact pressure, as well as a significant portion of the total load, is transmitted by the 
medial and lateral compartments, respectively. However, artifacts may have been introduced 
by restricting axial or rotational self-alignment during loading. NEWMAN et al. (1990) 
demonstrated the significant effect of repositioning on joint contact area and, therefore, peak 
and average pressure distributions. 
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Figure 2.17 : Peak pressures in the a) medial and b) lateral compartment of the knee for 
different deformities in the coronal plane as reported by other authors. 
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Dynamic transducers, which can remain in the joint during all measurements (similar to the 
systems of BROWN and SHAW or INABA), are imperative if an unconstrained, self-aligning 
system is used, since repeated repositioning may introduce artifacts and reduce confidence 
in the results. It is also noteworthy that only BROWN and SHAW measured the menisco-
femoral contact pressure. All other authors recorded the menisco-tibial contact pressure. One 
can hypothesize that if the menisci transmit forces through the development of hoop stresses 
under load, the menisco-femoral contact pressure should be higher than the menisco-tibial 
pressure. Finally, almost all studies preserved only the ligaments and the joint capsule during 
the tests. Only one study considered the functional importance of selected muscles. Consider-
ing the findings discussed in the previous sections on the function of ligaments and muscles, 
it appears obvious that more emphasis should be put on the muscles and that their effect on 
the joint pressure distribution should be investigated. Such information, together with the re-
sults discussed in this chapter, should provide a more comprehensive view of the biomechan-
ics of the knee joint, at least in a static model. 
2.6. Transducers for Measuring Intra-Articular Forces and Pressures 
Different techniques have been described in the past for the direct measurement of contact 
pressures between the articulating surfaces and the magnitude and direction of joint forces. 
Some of the transducers are commercially available, while others were custom-built transduc-
ers developed specifically for the applications. 
Several authors have used instrumented hip prostheses to measure the resultant joint force 
at the hip in vivo. The first study undertaken in that field was done by RYDELL (1966). The 
stem was instrumented with strain gauges, and the electronic circuitry, telemetry unit and 
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battery were implanted in the soft tissues. ENGLISH and KILVINGTON (1979) used a similar 
set-up for their study. DAVY et al. ( 1988) modified a hip stem to mount the circuitry and the 
battery in the neck of the prosthesis. However, the disadvantage of using a battery is the 
limited life-time of the power source. BERGMANN (1988) described a multi-channel telemetry 
system for orthopaedic implants powered by an external electromagnetic field. This allows 
measurements during the entire period of implantation. The forces are measured by strain 
gauges located within the internal surface of the hollow neck which also holds the receiv-
er /emitter/amplifier unit. 
A different approach was taken by RUSH FELDT and MANN ( 1981) and later by HODGE et al. 
(1986). Instead of measuring the resultant joint force, the authors attempted to measure local 
contact pressures between the head of the prosthesis and the acetabulum. Holes were drilled 
into the back of the head of a bi-polar prosthesis, leaving a 0.25 mm thick diaphragm. Strain 
gauged cantilever type transducers, which measured the elastic deflection of the diaphragm, 
were inserted into these holes and calibrated for anticipated pressure ranges. RUSH FELDT and 
MANN used the instrumented head to measure the articular surface pressure distribution in 
a cadaveric model, while HODGE et al. implanted a prosthesis of this type in one patient. 
Although these approaches produced valuable data for the analysis of the forces and pres-
sures acting in the human hip joint, it is not possible to apply the same techniques to the knee 
joint because of anatomic and geometrical constraints. Firstly, in the hip joint, the point of 
application of the resultant joint force is determined by the centre of the head of the ball and 
socket joint, while it can shift in the knee joint. Secondly, the neck of the stem acts like a 
cantilever beam, facilitating easy measurement of the joint force. The only option currently 
available to the researcher interested in the knee joint is the use of pressure transducers 
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inserted into the joint space or implanted into the articular cartilage in cadaveric models. 
Fuji Prescale 1 film is a commercially available pressure sensor used in a large number of 
studies (FUKUBAYASHI and KUROSAWA, 1980; HUBERT! and HAYES, 1984; HUBERTI et 
al., 1987; TENCER et al., 1986; RIEGGER, 1986; RIEGGER et al., 1987; PETIT et al., 1986; 
BARATZ et al., 1986; VRAHAS et al., 1987; AFOKE et al., 1987; REDFERN, 1989). The 
sensor construct consists of two separate sheets called "A" and "C"-film. The "A" material 
carries micro-capsules containing a colour forming material, while the "C" film includes the 
colour developer. Under pressure the capsules burst and the colour develops. The intensity 
of the colour is a function of the applied pressure and can be read by a densiometer. The 
material is available in four different load ranges. The advantages of the material are that it 
is readily available at low material costs and easy to use. However, some limitations apply to 
the use of this sensor. RUDERT et al. (1988) demonstrated that the film's response is highly 
dependent on the loading speed. This is most significant if the time required to reach peak 
load is less than 5 seconds, particularly at lower pressures. Furthermore, the film demonstrat-
ed a marked sensitivity to shear loading. Another problem is the stiffness of the polyester 
substrate. This is of particular importance when the contact surface is curved in two planes, 
such as a sphere, which can lead to kinks and discontinuities. SINGERMAN et al. (1987) de-
scribed a technique which used an array of discrete sensor disks to overcome this problem. 
They pointed out that in this configuration, point pressure rather than continuous pressure dis-
tribution is measured. 
C. ltoh & Co. (America) Inc. 
335 Madison Ave. 
New York, N.Y. 10017 
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AHMED ( 1983) developed an indentation transducer consisting of four layers : ( 1 ) an acetate 
substrate base, (2) alkyd paint, (3) nylon screen and (4) a mylar di_aphragm. During loading the 
nylon screen imprints a pattern into the visco-plastic paint. The depth of the indentation is a 
function of the applied load and can be analysed afterwards. The advantage of this transducer 
is that it is relatively simple to use. However, it requires user experience in building the 
transducer and interpreting the data. 
The major drawback of both the indentation transducer and the Prescale film, however, is that 
only peak pressures are recorded. The sensor has to be replaced after each load application 
by a new sheet which may lead to artifacts due to the more rigid fixation of the joint. 
Furthermore, no temporal information can be obtained. The peak pressure measured could 
occur at any time during loading. 
To overcome this draw-back, several transducers to measure the resulting joint contact 
pressure continuously have been developed. An indirect approach to measure local contact 
pressures was presented by INABA and ARAI (1989). Pressure pipes (1.5 mm diameter) were 
inserted through the subchondral bone into the cartilage of the tibia, protruding approximately 
1 mm into the cartilage and leaving the articulating surface intact. The pipes were filled with 
saline and conventional fluid pressure sensors were used to record the changes in the leak 
pressure during loading of the joint. The authors state that a good correlation between this 
technique and Fuji Prescale film was achieved. 
BROWN and MURATORI (1979) and later BROWN and SHAW (1982) investigated the use of 
piezo-resistive materials to measure soft-body contact pressure. In their earlier experiments, 
a paint-like elastomer was placed between two brass electrodes and allowed to dry. In the 
56 
latter tests, the piezo-resistive elastomer powder was contained in an annular spacer and 
sandwiched between two brass plates, which sealed the construct and served as electrodes. 
Sensors of this type were used to measure the contact pressure distribution in the hip and the 
knee (BROWN and SHAW, 1983; 1984). The advantage of this transducer was that it allowed 
both static and dynamic measurements. The disadvantage of this technique was the elaborate 
and time-consuming preparation of the specimens since recesses had to be machined into the 
cartilage of the femoral condyles and each transducer be mounted individually, flush with the 
articular surface. 
Another commercially available sensor for the measurement of contact forces is the Interlink 1 
force sensing resistor. The transducer consists of two sheets, each being coated with a 
polymer material. The resistivity of which changes as a function of the applied force. The 
major problem with this material is the limited load range of 0. 75 MPa (manufacturer's data 
sheets, 1985). 
HENNIG et al. ( 1982) proposed the use of piezo-electric crystals, embedded in an insole to 
measure the contact pressure distribution between the floor and the foot. Piezo-electric 
transducers make use of the property of selected materials to develop a voltage on the 
surface while being deformed. However, the voltage declines as soon as the deformation 
comes to rest due to the leakage current within the material and the measurement system. 
The conductivity of the material and the impedance of the connected electronic circuitry 
determines, therefore, the minimum loading frequency below which non-linearities occur. For 
Interlink Electronics, Inc. 
P.O. Box 40760 
535 E. Montecito 
Santa Barbara, CA 93103 
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this reason, most piezo-electric materials are unsuitable for static or quasi-static measure-
ments unless costly high-impedance charge amplifiers (impedance > 10 TO) are used 
(KISTLER 1 information on force platform instrumentation, 1986). 
HALE (1988) and HALE and VAUGHAN (1988) studied the use of a polyvinylidene fluoride 
(PVDF) transducer for the intra-articular determination of joint contact forces in the canine 
knee. PVDF, a piezo-electric polymer, is commercially available as KYNAR
1 
.. film2 and supplied 
in different thicknesses between 9 µm and 110 µm . The authors found that the material was 
suitable for intra-articular joint contact pressure measurements at frequencies above 1 Hz. 
Furthermore, they demonstrated that an array of sensing elements could be etched onto the 
KYNAR™ material to provide a spatial resolution of the pressure distribution. However, they 
noted a phase shift of approximately 0.3 seconds between load signal and sensor output. 
One of the major problems is the sensitivity of the material to in-plane stresses. The sheets 
are manufactured by extruding the PVDF resins containing the polar crystallites. This gives 
the material its piezo-electric properties with the desired thickness. The material is also 
polarized under external electric fields perpendicular to the surface (KYNAR™ film manual 
1983). This produces a high degree of alignment of the crystallites in the direction of extru-
sion ( 1-axis) and the field axis (3-axis). The degree of alignment is critical for the directional 
2 
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sensitivity of the material. The piezo-electric voltage constant, which is an expression for the 
resulting voltage on the surface for a given strain in one particular direction, is only 35% less 
in the 1-direction compared to the 3-direction (the direction of compressive loading in the 
joint). This is not of concern if the sensors are loaded between rigid surfaces. However, the 
stiffness of the material is very low in the sheet plane due to its thinness, and therefore small 
forces, and the variable surface geometry of the joint, can stretch the transducer. This pro-
duces significant voltage outputs and distorts the results. 
Some authors have used capacitive trans-
ducers to measure the contact pressure 
under the foot (HAUSER et al., 1986, MIYA-
ZAKI, 1986; LEVIN et al., 1986). Capacitive 
transducers are commonly used for force or 
displacement measurements. Their function 
is based on the principle that the capaci-
tance (C) is inversely proportional to the 
C=1/d 
Figure 2.18 : Physical principle of capac1t1ve 
transducer. The capacitance (C) is inversely 
proportional to the distance (d) between the 
plates which is reduced by a compressive force 
(F) applied to the plates of the capacitor. 
distance (d) between the plates (Figure 2.18). If the dielectric material between the plates is 
elastic, a compressive force applied to the plates will produce a (reversible) change in the 
distance, resulting consequently in a change of the capacitance. This can be measured using 
different techniques, e.g. voltage measurement, RC oscillator (frequency modulation, Schmitt 
trigger etc.). HAUSER's system consisted of an array of 28 x 8 capacitors which were ar-
ranged as a flexible mat. The problems with the capacitive systems used are their thickness 
(usually 3-5 mm), the deformation of the transducer which produces artifacts, the sensitivity 
to moisture (HENNIG et al., 1982), and the relatively low pressure range (0.5 MPa) . These 
factors would normally make them unsuitable for the insertion into a joint. However, the 
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problems are primarily due to the choice of dielectric material and can be reduced through 
optimization of design, material, manufacturing, and processing electronics. 
A completely different principle for pressure measurements was described by PRAHL and 
TRACEY (1986). The authors discussed the use of a fibre-optic sensor to measure pressure. 
A flexible plastic is wrapped around the optical fibres. As pressure is applied, the light-
transmitting fibre is bent causing attenuation of the light which is recorded by standard light 
detectors. The thickness of the transducer was 0.41 mm. The authors stated that the trans-
ducer was linear over a range of O to 0. 78 N per millimetre fibre length and the sensitivity 
remained constant after 10 million cycles. However, it is not apparent whether the sensor can 
be bent in preparation of or during the measurements. Its application to intra-articular 
measurements, where hyaline cartilage would be the bearing surface, therefore seems limited . 
60 
CHAPTER Ill 
MATERIALS AND METHODS 
It is the purpose of the following chapter to describe the equipment, the test protocol and the 
data processing techniques used for the experiments. It is subdivided into four sections : 
(1) the hardware required to mount and load the knee and to substitute the muscles; 
(2) the sensors and transducers used to measure the joint contact pressure and the muscle 
forces, together with their processing electronics; 
(3) the software required to control the experiments, calibrate the transducers and analyse 
the data; and 
(4) the protocol used to prepare, setup and test the cadaveric specimens. 
The experimental design was devised according to several objectives. First, it was important 
to apply a variable, axial load to simulate one-legged stance. Second, the position of the knee 
had to be adjustable to simulate various deformities. Third, the knee had to be unconstrained 
to allow self-alignment of the femur relative to the tibia during loading relying entirely on the 
soft tissues and the muscle replacements for stability. Fourth, it was important that the 
pressure transducers were able to measure continuously both static and semi-static signals. 
This was critical as the transducers had to remain in the joint during a complete measurement 
cycle for two reasons : firstly, an unconstrained fixation system did not facilitate a reproduc-
ible repositioning; and secondly, the effect of muscle tension was tested under pre-load. Static 
transducers, measuring the peak load only, would not have detected unloading under these 






: 0 - 8 MPa 
: static - 2 Hz 
< 0.5 mm 
(incl. insulation) 
: pliable 
must not affect pressure distribution 
transducer response must be unaffected by bending . 
The test protocol and data analysis were designed to provide answers to the following 
questions : 
( 1) What is the effect of a shift of the mechanical axis ? 
(2) How much and where does the contact pressure change ? 
(3) Does muscle contraction change the contact stresses in the knee ? 
(4) In which regions do these changes occur and how large are they ? 
(5) How critical are these changes compared to the effects of deformities ? 
3.1 Knee Fixation System 
The loading system was designed to make use of an electromechanical material testing 








sions, refer to Appen-
dix A). The table 
consisted of two 
cross-slides mounted 
at 90 ° to each other. 
The bottom slide was 
attached to the cross 
arm of the material 
testing machine. Four 
threaded rods were 
mounted in the upper 
slide, thus creating a 
square. The base 
plate had four curved 
slots arranged in a 
circle spaced at 90 ° 
to each other. The 
diameter equalled the 
diagonal of the 
square. The base 
rested on one hex nut 










Figure 3.1 : Schematic view of right knee mounted in loading fixture. 
clamped by a second hex nut above the base plate. This arrangement produced 5 degrees of 
freedom for alignment of the knee. Free horizontal translation was provided by the cross slide. 
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Rotation around the x and y axes (tibial tilt) 
could be achieved by individually lifting or 
lowering the base on the hex nuts, while 
rotation around the z (vertical) axis was 
assured by the curved slots. In addition to 
the curved slots, an array of holes was 
located in the base plate to provide a means 
of fixation for the replacement of the medial 
and lateral heads of the gastrocnemius mus-
cle (cf. Figure 3.2). Two U shaped pieces of 
aluminium were welded onto the base plate 
with the open sides of the U facing each 
other. A rectangular block cast around tibia 
and fibula was placed between the two U 









Figure 3.2 : Base plate of mounting system. 
The rods extending from the base fit into the 
curved slots. The U-profiles hold the tibial 
plaster of Paris block while the two replace-
ments of the gastrocnemius muscle attach to 
the appropriate holes. 
Similarly, the top plate consisted of a slotted pipe which fitted over the cylinder cast aro
und 
the femur and a top plate which had, like the base plate, an array of holes to which the fem
o-
ral muscle replacement was attached. The two components were welded together concen
tri-
cally. The pipe was clamped by a hose clamp placed over it and tightened. A tripod with
 ad-
justable legs was placed on top plate to compensate for any angulation of the top plate. 
The 
upper surface of the tripod was marked with a millimetre scale to shift the loading a
xis 
accurately when simulating a varus or valgus deformity. A planar bearing was moun
ted 
between the knee system and the load cell. It consisted of two hardened, precision-grou
nd, 
flat plates with a matrix of hardened steel balls between them. The upper plate was attac
hed 
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to the load cell. A pointed stylus, attached to the lower plate of the bearing, pressed against 
the tripod. This allowed tilting or shifting of the femur during loading in any direction without 
constraint by the machine. Stability was thereby provided exclusively by the capsule, the 






Figure 3.3 : Complete muscle "replacement" or "surrogate" consisting of tendon clamp, 
force sensor, cable and tensioner. The arm attaches to the top plate. 
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ligaments and the muscle surrogates. 
A complete muscle replacement is shown in 
Figure 3.3. The arm was attached to the top 
plate through a bolt. Any desired line of 
action for the muscle could be achieved by 
attaching the arm to a different hole. The 
tendon clamp, shown in more detail in Fig-
ure 3.4, had fine serrations on the inside of Thro ugh-hole for bo lt 
Cable 
Fine serrations 
the jaws, which were closed by pushing a Figure 3.4 : The tendon is placed between the 
jaws of the clamp which are tightened by a 
bolt through the hole in the jaws and the bolt passing through the holes in the jaws and 
the tendon. 
tendon and tight-
ening them with a 
nut on the oppo-
site side. Turn 
buckles were used, 
firstly to adjust the 
total length of the 
muscle replace-
ment, and second-
ly, to simulate a 
contraction of the 
muscle. A range of 
CORTICAL sau IRE. 
2 PLACES 
ARC Pt.A TE . 2mm THICK . 
10 Ill Wl[I 
HS fEX tUT . 
2 PLACES 
I I 
8mm OIA. U-JOINT 
t6 HEX NUT. 111:l.OEO. 
2 PLACES 
cable lengths was Figure 3.5 : Patella clamp. Vastus lateralis and medialis were attached 
to the hex nuts on either side of the shaft while rectus femoris and 
available to be vastus intermedius were attached to the U joint. 
66 
placed between tendon clamp and force sensor, and force sensor and tensioner. This provided 
a large number of options for total length and transducer placement. 
A different clamping system was used to re-attach the surrogate of the quadriceps muscle to 
the patella (Figure 3.5). An arc plate was attached to the proximal surface of the patella by 
a threaded shaft passing centrally through the patella and two cancellous screws holding the 
plate at both ends. The medial and lateral components of the quadriceps were attached to the 
nuts, which were welded onto the arc, while the central component was attached to the U-
joint. 
3.2 Sensors and Electronics 
A sensor used to measure the muscle force is shown in Figure 3.6. Two strain gauges (KFC-5-
C 1-11 L30) 1, aligned in longitudinal direction, were attached to the narrow central portion 
of the transducer. A Wheatstone bridge circuit was used for the strain measurements. The 
sensor gauges established one pair of opposing columns, while two additional strain gauges 
completed the bridge and provided temperature compensation. The bridge was connected to 
a multi-channel strain gauge amplifier (Model KWS/6A-5) 2 • Each transducer was calibrated 
Kyowa Electronic Instruments Co., Ltd. 
Address 3-8, Toranomon 2-chrome, 
Minato-ku, Tokyo 
Japan 
2 Hottinger Baldwin Messtechnik 
Im Tiefen See 45 




at the beginning and at the end of the exper-
iments. This design of the sensor had two 
advantages. First, because of the small 
narrow dimension, it was easily placed in 
line with the cable, even if several muscle 
replacements were in close proximity. Sec-
ond, the transducer was insensitive to bend-
ing since the strain component due to bend-
ing would have the same magnitude but 
opposite signs (compression one side and 
tension on the other) and would cancel each 
other owing to the placement of the gauges 
in the bridge. 
The pressure sensors used for the experi-
ment were of the capacitive type. Figure 3. 7 
demonstrates the principle of a capacitive 
transducer. A force or pressure, applied 
perpendicular to the plates of the capacitor, 
will compress the dielectric material bet-
ween them. This will increase the capaci-
tance which is inversely proportional to the 
distance between the two plates. The basic 




Figure 3.6 : Force sensor used to measure 
muscle tension. Two strain gauges are at-
tached to the narrow, central portion. 
C=1/d 
Figure 3. 7 : Physical principle of capacitive 
transducer. The capacitance (C) is inversely 
proportional to the distance (d) between the 
plates which is reduced by a compressive force 
(F) applied to the plates. 
shown in Figure 3.8. It consisted essentially of 3 plates of which the two outer plates were 
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connected to ground potential. This design 
made the sensor insensitive to electrical 
potential changes around the transducer. 
Figure 3.9 demonstrates the fundamental 
difference between a standard dual and the 
new triple layer design. In a two-plate ca-
pacitor there will always be a potential dif-
ference between one or both of the plates 
and the surrounding. Therefore, the insula-




Figure 3.8 : Basic design and dimensions of 
triple layer transducer. 










,__ __ SIGNAL CONDITIONER 
INSULATION 
b) Three plate design 
Figure 3.9 : Basic design and equivalent electronic circuits of two plate (a) and three plate 
(bl capacitive transducers. 
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be neglected if the sensor's capacitance and the change under loading is large relative to the 
insulation capacitances. However, in the present case, where a stiff, high strength dielectric 
material is required as a result of the high contact stresses anticipated, the effect of the 
insulation can no longer be ignored. In fact, the insulation contributed a larger portion to the 
total output than the actual sensor during initial tests using a dual layer design. Since the 
deformation of these materials was highly nonlinear and variable, no reproducible calibration 
was possible. In contrast, the stiffness or thickness of the insulation has no effect on the 
sensor characteristics in the triple layer design as illustrated by the equivalent electronic 
diagram in Figure 3.9b. Theoretically, only inner plates would be needed if the surroundings 
in contact with the sensor are conductive, do not penetrate the dielectric material and can be 
brought into intimate contact with the surface of the sensor. 
Compressed polyurethane foam (SPM 103) 1 was used for the dielectric material. This material 
was manufactured by injecting 103% (by volume) of the raw unfoamed polyurethane matrix 
into the mould, where pressure was maintained during the foaming process. This process pro-
duced a high strength material which still had microscopic pores. Sheets of 0. 18 mm thick-
ness were shaved from premanufactured blocks of the material. These sheets were then 
clamped between two parallel plates and annealed for 24 hours at 70°C. Following this 
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Sensors of any desired size and shape could 
then be cut from the prefabricated transduc-
er sheets. The sensors for this application 
were made from disks, 10 mm in diameter, 
which allowed the placement of 6 sensors in 
each compartment of the tibio-femoral joint. 
To optimize the shielding and to reduce the 
effect of stray capacitance, a border (ap-
proximately 1 mm wide) along the periphery 
of each disk was removed from that copper 
layer, which was later to become the inner 
---- 0 10 mm----
0 8mm----
Inner (active) plate 
Dielectric material 
Outer plate 
Figure 3.10 : Individual transducer button. One 
complete sensor consisted of two buttons 
(Total thickness = 0.4 mm; see Figure 3.8). 
The inner and the outer plates respectively 
were electrically connected. 
(active) plate (see Figure 3.10). Lead wires, made from transformer wire (0.1 mm diameter), 
were attached to the copper layer using an ultra low temperature solder and flux. The single 
capacitors were then carefully washed to remove any remaining flux or electrolytes, and dried. 
Prior to the final assembly, each individual disk underwent several tests. At first, the resis-
tance between the plates was measured with and without a test pressure of 5 MPa, which 
corresponded approximately to the anticipated contact stress during the experiments. This 
test revealed whether an intermittent connection through one of the pores was present. 
Following this test, the capacitance was measured using an oscillator circuit similar to the one 
employed during the experiments. The tests were performed unloaded and at a test pressure 
of 5 MPa between both flat and curved surfaces. The curved test fixture consisted of a hemi-
sphere and a matching concave mould with a radius of 60 mm. This radius was chosen as it 
approximates the curvature of the femoral condyles. This series of tests revealed whether the 
copper was firmly attached to the polyurethane base and whether any cracks or disconti-
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nuities were present in the copper layers. These problems could be detected by sudden rises 
or falls of the output voltage (capacitance). Furthermore, a slow drift of the voltage in the 
unloaded stage indicated the presence of electrolytes between the plates which had become 
polarized and had slowly changed the resistive (R) component of the oscillator. Addit ional 
soaking, washing and drying usually resolved this problem. Any disk, not performing satis-
factorily on all tests, was rejected. 
Two disks were then attached to each other 
using an elastic adhesive along the periphery 
where the copper layer had been removed. 
The two inner and the two outer plates were 
connected to build an individual sensor. A 
complete sensor therefore consisted of 2 
individual capacitors with the 2 inner and 
the 2 outer plates connected together. After 
repeating the previously described tests, six 
of these individual sensors were then ar-
anterior 
posterior 10 mm 
Figure 3.11 : 6 transducers are arranged in an 
array to cover the anticipated contact area of 
a single compartment. 
ranged in an array as shown in Figure 3.11. The sensors were sealed between two layers of 
aluminized polyester foil which provided, in addition to insulation against joint fluids, additional 
electrical shielding. The whole sensor array, including the cables, was finally sealed between 
polyethylene sheets which were heat welded along the periphery of the sensor array and 
trimmed to size. 
The average capacitance of a sensor amounted to 23 pF. The change in capacitance at a 
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Figure 3.12 : Schematic diagram of an individual pressure sensor channel. 8 oscillators are 
multiplexed and connected to one phase locked loop. The host computer reads the analog 
output signal and controls the multiplexer. 
on the signal processing electronics which is schematically illustrated in Figure 3.12 (see 
Appendix B for details). Each sensor was part of an oscillator circuit (Schmitt trigger). The 
frequency of the oscillator was determined by its capacitive and resistive components. A 
potentiometer was used to fine-tune the frequency for each individual capacitor to the centre 
frequency of the lock-in range of the phase locked loop (PLL) (CD 4046 BCN) 1 • A PLL is an 
integrated circuit (IC) and contains one or two phase detectors (comparators), amplifiers and 
1 National Semiconductor Corp. 
Semiconductor Div. 
2900 Semiconductor Drive 
P.O. Box 58090 
Santa Clara, CA 95052 
USA 
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a voltage controlled oscillator (VCO). The phase detector compares the input frequency with 
the VCO frequency. If the frequencies are unequal, the resulting phase error signal will , after 
being filtered and amplified, push or pull the VCO frequency towards the incoming frequency. 
The VCO control input is therefore an analog measure of the input frequency. 
The IC used in this appl ication 
has two phase detectors. Phase 
detector I requires an analogue or 
digital square wave signal, while 
the type II comparator is sensitive 
only to the relative timing edges 
(transient point of rising or falling 









between incoming (reference) and Figure 3.13 : Timing characteristics of phase comparator 
II of phase locked loop used in this application (Refer to 
VCO frequency, enabling it to text for more detailed discussion). 
work with a larger variety of 
input signals. Figure 3.13 illustrates the timing characteristics of the type II phase comparator 
used in this application. The t ime delay between the edges of the reference and VCO signals 
determines the width of the pulses of the phase-error signal (phase detector output). Depend-
ing on whether the phase shift is positive or negative (e.g . Figure 3 .13), the output circuit 
acts as either a current sink or source. These pulses charge (or discharge) the loop filter 
capacitor until its voltage results in the correct VCO frequency. Therefore, the settling time 
of the PLL, which is the time until the VCO frequency equals the incoming frequency, is a 
function of the phase difference : for a greater phase difference a greater number of charge 
(or discharge) pulses is required. 
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In this application, 8 oscillators (pressure 
sensors) were multiplexed and connected to 
phase detector II of one PLL. The output 
voltage of the PLL was further amplified and 
fil tered in a two stage amplifier and connect-
ed to an input channel of a 1 2 bit analogue 
to digital converter expansion card 
(PC 30)1 • The expansion card was installed 
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Signal I n 
led simultaneously the multiplexer through 
Figure 3.14: Schematic diagram illustrating 
the digital input/output (1/0) interface. Two type and numbers of sensors connected to 
host computer for measurements. 
PLL/amplifier units provided input for up to 16 pressure sensors. In addition to the pressure 
sensors, the A/D card also sampled the output from the strain gauge amplifier and the load 
cell of the material testing machine, as schematically shown in Figure 3.14. 
3.3 Transducer Calibration, Data Collection and Analysis 
Bot h the force and the pressure transducers had to be calibrated individually. Calibration of 
the force sensors was done in a tensile test using the lnstron material testing machine. The 
1 Eagle Electronic Co.(Pty) Ltd. 
P.0 Box 3106 
Cape Town 8000 
Republic of South Africa 
2 Olivetti 
10015 lvreia (TO) 
Via Jervis 77 
Italy 
75 
Figure 3.15 : The' G-clamp used for calibration and testing of pressure sensors. Strain 
gauges were attached to the back column of the clamp. A multi-stage amplifier provided 
a high level output signal. 
transducers were loaded by a double ramp profile to a load of 1 kN. Load cell and strain gauge 
amplifier outputs were sampled simultaneously using the A/D card and stored for analysis. The 
sensitivity of each transducer was determined in mV/N per volt bridge excitation. The 
measured strain was also compared with the strain predicted using elasticity theory for a 
cylindrical beam in tension. After completion of the study, the force transducers were recali-
brated to check for strain gauge debonding or other faults which might have produced 
erroneous readings. However, the initially determined calibration coefficients were confirmed 
in every case. 
The calibration of the pressure sensors was performed using a custom built loading device 
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(Figure 3.15). Four strain gauges 
were attached to the vertical 
column of the G-clamp and con-
nected as a full bridge in a 
Wheatstone configuration. An 
amplifier with an independent 
power supply provided a high 
level output signal. The loading 








0 50 100 150 200 250 300 350 400 
Calibration force [NI 
Amplifier 
- Stage 1 -+- Stage 2 
Figure 3.16 : Calibration curve of G-clamp. The output is 
device was calibrated by hanging linear over full load range. 
precision weights from one arm of the G-clamp while the other one was fixed. The resultant 
output of the strain gauge amplifier was recorded and a calibration coefficient determined, 
converting the A/D output (digits) to force (N). Figure 3.16 shows the calibration curve for the 
two amplifier stages used. One can see that the output was linear over the full range. 
For calibration, each individual pressure sensor was placed between two small polyethylene 
blocks coated with a thin elastic layer to assure even loading (Figure 3.17). Applied force and 
output of the sensor were recorded simultaneously. In order to calibrate the sensor for 
pressure, the applied force was divided by the cross-sectional area of the transducer (78.5 
mm2). This pressure will be referred to as calibration signal. Figure 3.18 shows a typical 
calibration signal plotted against the sensor output. This particular system of x and y axes 
was chosen as the sensor output becomes the independent variable during the actual 
experiments. Only two consecutive loadings are shown for clarity in this graph although 
routinely nine ramps to three different load levels were applied. The three load levels were 
chosen to test the sensor characteristics at a low, medium and high contact stress. It is 
apparent that the pressure sensor's output was not a linear function of the calibration signal 
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Figure 3.17 : Individual pressure sensor placed between polyethylene blocks. The blocks are 
coated by an elastic rubber layer to prevent point loading. A hardened steel ball de-couples 
the upper block from the spindle of the clamp. 
applied. Furthermore, hysteresis produced a shift of the sensor's baseline after unloading. The 
latter problem was eliminated by using the residual, apparent pressure present at the begin-
ning of a new load cycle as a new baseline and subtracting it from the recorded value. This 
shift of the base line is less marked in truly dynamic applications as the creep which produces 
the hysteresis is a function of strain rate and the time period the sensor is exposed to the 
load. Under dynamic conditions, particularly at higher frequencies, the plastic deformation 
becomes small relative to the elastic component. Under static or quasi-static conditions, the 
visco-elastic component of the material deformation remains constant after a few seconds and 
can be subtracted from the total deformation. This, however, requires that the sensors have 
to be calibrated at approximately the same frequency and under similar conditions as the 
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intended application. 
Figure 3.19 shows the calibration 
signal on the y-axis plotted 
against the pressure sensor out-
put. For clarity, only one calibra-
tion curve is included for each 
load level. The sensor signal has 
been recalculated for the new 
baseline after each unloading. A 
second order polynomial regres-
sion curve was fitted to each 
data set for the loading part of 
the calibration curve. The correla-
tion coefficient was generally 
better than 0.99 . The computed 
regression coefficients were then 
used as the calibration coeffi-
cients in the data analysis soft-
ware for the loading part of the 
test cycle. A more compl icated 
approach had to be used for 
determining pressure reductions. 
It can be seen from Figure 3.19 
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Figure 3.18 : Calibration curve of pressure sensor illustrat-
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Figure 3.19 : A second order polynomial is fitted to the 
raw calibration data after compensation of the zero drift. 
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curve is also a second order polynomial. However, the coefficients are a function of the load 
level from which the unloading starts. Therefore, it became necessary to determine an upper 
and a lower value for each of the polynomial coefficients covering the anticipated load range. 
The data processing routine, which calculated the pressure from the sensor output, deter-
mined the correct set of coefficients for the current pressure level using linear interpolation. 
After completion of the study or 
when a sensor array could no 
longer be used due to damage to 
one of the sensors the calibration 
was repeated. Figure 3.20 shows 
the first and second order coeffi-
cients of one particular sensor ar-
ray after being used in the study 
of three knees. There is no con-
stant term in the polynomial as 
the baseline reading is subtract-
ed. This particular array could no 
longer be used after sensor #1 
and #4 had produced erratic 
readings (Sudden spikes in the 
signal). The damage may have 
been caused by leakage of syno-
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vial fluid, cracks or delamination Figure 3.20 : First and second order coefficients of cali-
bration function of an sensor array before and after com-
of parts of the copper layer. pletion of testing of 3 knees. 
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The data collection and signal processing software was written in Turbo Pascal®1 • The data 
collection software was menu driven and had several options including setting up the data 
sampling parameters, collecting data, viewing the data and saving them to disk. In addition 
to the data files, a second file was created which automatically recorded the sample number 
when a new load cycle was started. This simplified and expedited the data processing as the 
read-out from the pressure sensors at that point was used as the new baseline as described 
above. The data processing software smoothed the raw data using a digital filter and calculat-
ed the applied load, the muscle forces and the pressure readings for the 12 pressure sensors, 
using the previously determined calibration coefficients. The results were saved in ASCII 
format for additional processing by commercially available software packages (Lotus 1-2-3®2 , 
Graftool®3 and Statistix®4). Although applied force and resultant contact pressure was 
recorded continuously only the measurements at peak load were used for two reasons. Firstly, 
1 Turbo Pascal is a registered trademark of : 
Borland International 
4585 Scotts Valley Drive 
Scotts Valley, CA 95066 
USA 
2 Lotus 1-2-3 is a registered trademark of : 
Lotus Development Corporation 
55 Cambridge Parkway 
Cambridge, MA 02142 
USA 
3 Graftool is a registered trademark of : 
3-D Visions Corporation 
412 S. Pacific Coast Highway 
Redondo Beach, CA 90277 
USA 
4 Statistix is a registered trademark of : 
Analytical Software 
P.0.Box 13204 
St. Paul, MN 55113 
USA 
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an average of several measurement points could be calculated which greatly reduced the 
random noise. Secondly, considering the large amount of data collected, a summarized analy-
sis of all measurements would have been extremely difficult. However, plots of the continuous 
recordings were produced for all measurements to check for erroneous readings like baseline 
shift or discontinuities. 
BROWN and SHAW ( 1984) have shown that the peak contact stress increase is approximately 
linear with that of the applied joint load. Only for very small joint forces the increase is non-
linear. The recorded pressure can therefore be divided either by the applied external load, in 
the case of simulating a deformity, or by the muscle force in the case of modelling a muscle 
contraction. This was done to normalize the resultant pressure and facilitate comparison with 
previous studies which were done at different load levels. Furthermore, the turn buckles used 
to produce muscle tension made it difficult to achieve exactly the same amount of tension for 
all muscles and in all tests in spite of the fact that the output of the strain gauge amplifier was 
monitored and displayed during the tensioning process. 
Statistical significance of the effect of a deformity was determined by analysis of variance. 
If the ANOVA determined a difference at a significance level of p<0.05, a two sample t test 
was used to determine pairwise significance for the following combinations : -
Neutral vs 10 degree varus 
Neutral vs 5 degree varus 
Neutral vs 5 degree valgus 
Neutral vs 1 5 degree flexion 
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In addition to the significance test, a multiple regression analysis was performed to test the 
contribution of factors such as specimen number and repeated testing. 
The significance of the effect of muscle contraction was examined by calculating 90% 
confidence intervals assuming a normal distribution for the sample mean and standard 
deviation. Positive or negative upper and lower confidence limits indicated if the interface 
pressure change was statistically significant compared to the null hypothesis (no pressure 
change). In this part of the experiment, as the variation was larger, the lower confidence level 
was chosen (cf. experiments of the effect of a deformity). At p<0.05, only a small number 
of results would have been significant. Choosing 0.1, although decreasing the overall confi-
dence interval, helped to substantiate trends suggested by the average pressure changes. 
3.4 Specimen Preparation and Test Protocol 
Six knees (4 right, 2 left) were harvested from different donors. The age of the donors ranged 
from 27 to 35 years. Their body masses were between 70 and 85 kg. Prior to. removal, all 
knees were examined for malalignment or previous injury to the joint or soft tissues. This 
examination was repeated after the muscles had been removed and visualization of the 
ligaments, the capsule and the joint surfaces was achieved. Mild arthritic changes of the 
articulating surfaces were not considered a contra-indication to the use of the specimen. 
The knee was removed by making an anterior incision from the mid-thigh to the mid-calf. The 
skin was elevated starting from the anterior aspect, around the medial and lateral side of the 
limb to the posterior surface. After the skin was completely detached, the muscles were 
transected at the mid-thigh and mid-calf level. Fibula and tibia were affixed to each other in 
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the anatomical position 
using a Steinmann pin. 
After transecting femur, 
fibula and tibia using a 
Gig Ii saw, the whole knee, 
together with the attached 
muscles, was lifted out of 
the skin envelope. A clear 
plastic template with a 
millimeter scale was 
placed over the proximal 
and distal surface of the 
specimens, centred on the 
femur and tibia and aligned 
with the anatomical axes. 
This provided a means to 
record the centroids of the 
muscles included in the 
experiment. After all pa- Figure 3.21 : Anterior view of knee during set-up illustrating 
cylindrical Plaster of Paris block cast around femur. 
rameters were recorded, 
the muscles were removed, preserving the tendinous insertions of all muscles. The quadriceps 
tendon was transected immediately above the patella. Particular care was taken not to 
damage the ligaments and capsule which were preserved for the experiments. 
Blocks of plaster of Paris were cast around the femur and the tibia/fibula after the periosteum 
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had been stripped at the 
ends of these bones. 
Figure 3.21 shows an 
anterior view of the knee 
in partial flexion. The 
Steinmann pin affixing the 
fibula to the tibia had 
been removed after the 
plaster had hardened. To 
attach the patella clamp, 
a hole was drilled from 
proximal to distal through 
the centre of the patella. 
The central threaded rod 
was inserted and tighten-
ed distally by a hex nut. 
To assure rotational sta-
bility, two small cortical 
screws were inserted in Figure 3.22 : Anterior view of knee showing system used to 
attach replacement of quadriceps components to patella. 
the patella through the 
holes at both ends of the arc plate (Figure 3.22). The tendons of the other muscles were 
placed between the jaws of the clamps. A small incision, aligned with the tendon's fibres, was 
made through the hole in the jaws using a narrow scalpel blade, and a fastening bolt was 
inserted and tightened. Figure 3.22 shows a close-up view of the attachment of the quadri-
ceps surrogate to the patella with some other tendon clamps in place. The serrations on the 
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inside of the jaws can be seen in the muscle clamp on the left. Short lengths of cable were 
used between the patella clamp and the force sensors to avoid bending of the force sensors. 
Figure 3.23 : Anterior view of knee in full flexion showing pressure sensor arrays in joint 
cavity sutured to capsule. For purposes of illustration the patella is folded downward. 
The pressure transducers were inserted after the tibia was mounted and clamped onto the 
base plate. Two incisions (20 mm long) were made in the posterior capsule, leaving the 
oblique popliteal ligament intact, and in the anterior capsule (5 mm long) on either side of the 
patella . Each transducer was inserted through its posterior incision and positioned on top of 
the tibial articulating surface and the meniscus. The wires of the three anterior sensors (T1-T3 
and T7-T9) exited the joint through the incisions next to the patella. The polyethylene 
insulation around the wires can be seen in Figure 3.23. After each transducer was accurately 
positioned, it was sutured to the capsule using small tags attached to the insulation along its 
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periphery (see Figures 3.23 and 3.26). Two sutures were placed anteriorly (access through 
the gap between patella and femur) and posteriorly (access through the posterior capsular 
incisions) in each sensor array. This was necessary as the transducers had a tendency to 
migrate. Figure 3.23 shows an anterior view of the knee with the pressure sensor arrays in 
place. The patella is folded downward to give a better view of the transducer array and the 
joint cavity. The individual sensor buttons and suture tags can be clearly seen in the sensor 
array on the right. 
Figure 3.24 : Antero-medial view of knee after replacement and pre-ten-
sioning of all muscles. 
After clamping the top plate to the plaster of Paris cylinder (cast around the femur), the force 
transducer and muscle replacements were attached to the tendon clamps. Finally, the muscle 
surrogates were attached to the top plate in an anatomical position. Due to the limited number 
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of amplifier channels avail-
able, the medial muscles 
of the knee (semimembra-
nosus, semitendinosus, 
gracilis, sartorius and 
medial head of gastrocne-
mius) were not instrument-
ed with force transducers. 
In addition, because of the 
close proximity of some of 
the tendinous insertions 
and the size limitations of 
the tendon clamps used, 
the following muscles 
were grouped together : 1 ) 
semimembranosus and 
semitendinosus; 2) sarto-
rius and gracilis. The proxi-
mal location of each mus-
cle's centroid could be 
measured directly on the 
Figure 3.25 : Antero-medial view of knee placed in material 
testing machine. Note planar ball bearing attached to load cell to 
de-couple knee from machine and allow unconstrained self-align-
ment. 
top plate as its centre coincided with the centre of the femur. After all the muscles were 
attached, the knee was stable and able to stand freely as shown in Figure 3.24. Finally, the 
whole system was placed in the lnstron machine and attached to the table. Figure 3.25 shows 
a knee at the completion of setup. The small circuit boards hanging on either side of the knee, 
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contained 4 oscillators each. The boards were connected in pairs to two main boards, 
containing the multiplexer, phase locked loop and amplifiers. The planar ball bearing can be 
seen between the tripod and the load cell, extending into the frame of the material testing 
machine. 
The load cell of the material testing machine was balanced and a known calibration signal 
applied and recorded. This allowed direct conversion of the number of digits from the A/D 
card to force. Similarly, each force sensor was unloaded, balanced and a known calibration 
signal applied. Although this signal did not allow calibration of the transducer itself, it provided 
a means to accurately determine the magnification of the amplifier. After balancing the force 
sensors, each muscle was pre-tensioned to a force of approximately 10 N with the knee in 
neutral alignment. The total preload of the joint therefore amounted to approximately 100 N 
as 9 muscle groups were included in the model plus the weight of the bone, and the fixation 
devices. After the setup was completed, the pressure sensors were set to zero at this preload. 
The knee was aligned in the frame of the material testing machine so that the media-lateral 
axis was in the plane created by the frame of the material testing machine. Particular care was 
taken to avoid hyper-extension of the knee as the knee remains in flexion during the entire 
stance phase of the gait cycle. The mechanical axis, assumed to coincide with the tibial axis, 
was aligned parallel to the columns of the material testing machine and in line with the load 
cell. This was of particular importance since a varus and valgus deformity was modelled by 
sliding the base plate with the knee medially or laterally, simulating a shift of the mechanical 
axis. The magnitude of the offset was calculated from the femoral length, as measured during 
removal of the specimen, for the simulated angles of 5 and 10 degrees varus and 5 degrees 
valgus. A 15 degree flexion deformity was reproduced by tilting the tibia 7 .5 degrees 
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anteriorly and the femur 7.5 degrees posteriorly. In this model, the muscle replacements had 
to be adjusted due to the physiological change in muscle length. In each of the alignments 
studied, (neutral, 5 and 10 degrees varus, 5 degrees valgus and 15 degrees of flexion) a 
trapezoidal load with a peak of 700 N was applied (head speed 2.1 mm/s). The data were 
sampled at a rate of 20 Hz per channel. Two sets of measurements were taken for each 
position. 
The effect of muscle tension was examined by preloading the knee with a force of 300 N. 
Each muscle was then tensioned individually and sequentially to approximately 100 N. The 
output of the force sensor was displayed in real time during tensioning. After unloading to the 
Figure 3.26 : View of tibial surface from above after removal of femur illustrating placement 
of sensor arrays. 
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pre-tension level, the next muscle was tested in an identical fashion. Although the exact 
tension applied to the medial muscles could not be measured, qualitative conclusions could 
be drawn as to whether the muscle produced an increase or decrease in pressure. 
In addition to these experiments to assess the effect of muscle contraction in the preloaded 
knee, two selected structures, namely the iliotibial band and the lateral head of gastrocnemius, 
were individually tensioned to 100 N prior to application of the external load. The knee was 
then loaded to 700 N of compression. 
All of the tests were repeated on two consecutive days for each knee. After completion of 
Figure 3.27 : View of tibial joint surface after removal of sensor arrays. In the lateral 
compartment (L) the sensors had shifted anteriorly (dotted line). 
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the final test, the capsule and the knee ligaments were transected to expose the tibial surface 
(Figure 3.26). After the locations of the pressure transducers were marked, they were 
removed and their positions examined in relation to the articulating surface of the tibia and 
the menisci. Sometimes a shift of the sensor array could be identified, as illustrated in Figure 
3.27. As the actual location of the sensor array could only be identified after the second day, 




The results presented in this chapter are subdivided into three sections. 
1) The effect of an angular deformity on the contact pressure at various locations in the knee 
joint is demonstrated. This established a base line for the measurement of the effect of 
muscle contraction. Furthermore, comparing these results with previous studies provided 
a means to determine the accuracy and reliability of the method. 
2) The pressure distribution in the knee joint resulting from a simulated contraction of various 
muscles is shown for two different conditions. First the effect of muscle tension when the 
knee joint is already loaded by body weight is presented. Second the effect of muscle 
contraction prior to loading the knee joint by body weight is examined by comparing the 
resultant pressure distribution to the data presented in section 1. Both data demonstrate 
where, and to what extent, muscle contraction increases and decreases the joint contact 
pressure, and the extent to which it does so. 
3) The passive forces generated in various muscles when the knee is loaded by body weight 
in different deformities are presented. This identifies those muscles which are anatomically 
positioned to provide resistance against external ab-/adduction and flexion moments. 
The average results and the statistical significance, where applicable, are presented graphically 
in Figures 4.2 to 4.10. Tables 4.1 to 4.5, located at the end of this chapter, show the 
smallest, average and largest value for each of the measurements, thus reflecting the range 
of the data. The apparent "variability" is largely due to outlier which are included in the tables. 
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Figure 4 . 1 illustrates the numbering system 
for the different transducer locations. Trans-
ducers 1 through 5 and 7 through 11 are 
placed along the periphery of each compart-
ment partially covering the tibio-femoral and 
the menisco-femoral contact areas, while 





Figure 4.1 : Superior view of pressure sensor 
location. Note that the transducers are placed 
on top of the menisci. 
4. 1 Effect of deformity on pressure distribution 
The resultant joint pressure was calculated as the difference between the sensor reading 
before and after the application of the test load (body weight). This pressure difference was 
then divided by the applied load (i.e. body weight). Figure 4.2 shows the results for 10 and 
5 degree varus, neutral and 5 degree valgus, while Figure 4.3 illustrates the pressure for 
neutral (as in Figure 4.2) and 15 degrees of flexion deformity. The pressure distribution in 
neutral alignment is fairly even at a contact pressure of approximately 1 kPa/N, corresponding 
to 0.8 MPa for a 80 kg person during one-legged stance. The peak pressure reaches ap-
proximately 1.9 kPa/N (1.5 MPa) in the centre of the lateral compartment. With an increasing 
varus deformity, the main pressure shifts into the medial compartment reaching (for a 10 
degree varus deformity) peak pressures of more than 4.2 kPa/N (3.4 MPa) over the medial 
portion of the tibio-femoral contact area and the adjacent meniscus. In the case of a valgus 
deformity, an increase in the lateral compartment pressure can be noted, reaching a peak 
value of approximately 2.2 kPa/N (1.8 MPa). In all cases, an unloading of the opposite 
94 
compartment can be noticed. The 
pressure decrease of approxi-
mat ely -0.5 kPa/N is similar for 
the lateral compartment in the 
case of the varus deformity, and 
the medial compartment in the 
case of a valgus deformity. In a 
1 5 degree flexion deformity, the 
highest pressure develops over 
the central area in the lateral 
compartment,reaching 5.4 kPa/N 
(4.3 MPa). In general, a posterior 
shi ft of the contact pressures can 
be seen. 
For further comparison, the pres-
sure difference between a mal-
aligned knee and a joint in neutral 
alignment under load was calcu-
lated by subtracting the resultant 
joint pressure in neutral alignment 
• p <0 .05 vs ne u t r al 
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Figure 4.2 : Average contact pressure for various deformi-
from that found in the presence ties in the coronal plane. 
of a deformity. The differences 
are calculated on a knee to knee basis and then averaged for the six knees (see Figure 4.4). 
The most drastic changes can be seen over the medial periphery of the medial compartment, 
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reaching 4.3 kPa/N (3.4 MPa). 
The amount of unloading of the 
contralateral compartment is 
approximately constant, equalling 
-1.0 kPa/N. In a flexion deformi-
ty, as shown in Figure 4 .5, a 
postero-lateral shift of the con-
tact pressure can be noted . 
Figure 4.6 shows the average 
medial and lateral contact pres-
z 6-r-~~~~~~~~~~~~~~~~~~~ 
~ • p<0.05 vs. neutral 
Cl.. 
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sures for 4 alignments in the Figure 4.3 : Contact pressure for a 1 5 degree flexion 
deformity. 
coronal plane. In neutral align-
ment an approximately even pressure distribution can be seen while a dramatic pressure in-
crease in the medial compartment is demonstrated with increasing varus reaching 2.4 kPa/N 
(1.9 MPa) in a 10 degree deformity. The pressure increase in the lateral compartment is less 
significant amounting to approximately 1.5 kPa/N (1.2 MPa) in a 5 degree valgus deformity 
compared to 1.9 kPa/N (1.5 MPa) in the medial compartment at 5 degree of varus. 
4.2 Effect of muscle tension on knee pressure distribution 
The results for the two different models assessing muscular activity are presented in Figures 
4.7 and 4.8. Figure 4.7 shows the direct effect of tensioning a specific muscle on the 
pressure in the knee joint which has been preloaded by body weight. Figure 4.8 shows the 
difference in the resultant joint pressure, if the knee is loaded by body weight after the muscle 
96 
under consideration has been 
tensioned (e.g. muscle contrac-
t ion prior to heel strike). In both 
cases the recorded pressure 
change is normalized by dividing 
the pressure by the applied mus-
cle force. 
4.2.1 Tensioning of muscle with 
knee pre-loaded 
Figure 4. 7 demonstrates the 
changes in contact pressure after 
muscle contraction in the preload-
ed knee. The most significant 
effect of tensioning the vastus 
medialis muscle was seen at 
transducer locations T1 & T7. 
Unloading could be seen over the 
posterior region of the tibio-femo-
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ral contact area and the menisci. Figure 4.4 : Difference in contact pressure between neu-
tral alignment and various deformities in the coronal 
Tensioning of vastus intermedius plane. 
and rectus femoris produced a pressure increase anteriorly at T1, T2 and T7. Tensioning of 
the vastus lateralis muscle increased the loading of the anterior region in the medial and lateral 
compartments. The posterior region of the medial compartment was slightly loaded, while 
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contact pressure in the posterior 
region of the lateral compartment 
was reduced. By combining the 
three components of the quadri-
ceps, it would appear that con-
traction of this muscle group will 
produce loading over a major por-
tion of the joint particularly in the 
anterior region. Tensioning of the 
iliotibial band produced a slight 
general pressure increase in the 
knee joint, reaching a peak in the 
antero-lateral region of the lateral 
compartment (TS) . Contraction of 
the biceps femoris muscle pro-
duced a marked loading of the 
lateral compartment together 
with a slight unloading of the 
medial compartment. The high-
est pressure could be seen in the 
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Figure 4.5 : Difference in contact pressure between neu-
tral alignment and a 15 degree flexion deformity. 
Contact pressure/ applied load [kPa/ N] 
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ral contact area (T12). Tensioning of the lateral head of the gastrocnemius muscle produced 
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Figure 4. 7 : Effect of tensioning selected knee joint muscles on the contact pressure. Each 
muscle is tensioned individually. The resultant pressure change is divided by the muscle force. 
( * indicates significance at p < 0 .1) 
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loading in the posterior portion of the lateral compartment1 • 
4.2.2 Tensioning of muscles prior to loading of the knee 
The results presented in this section were calculated by determining the contact pressure 
difference between normal loading (by body weight) with all joint muscles evenly pre-ten-
sioned (10 N), and loading with a specific muscle being tightened to a "muscle" force of 100 
N while maintaining the pre-tension on all other muscles. The value reflects how much the 
joint contact pressure would increase or decrease per Newton muscle force at a body weight 
of 80 kg. Figure 4.8 shows the effect of pre-tensioning the iliotibial band and the lateral head 
of gastrocnemius. The iliotibial band produced higher pressures in the lateral compartment, 
particularly in the anterior region. In the medial compartment, the contact pressure was 
generally reduced, this being more marked in the central and posterior regions. The largest 
decrease can be seen at T4. Pre-tensioning of the lateral head of gastrocnemius reduced 
loading of the medial compartment, with the exception of the central area. At the same time 
the pressure values for the lateral compartment showed little change in the anterior region, 
but definite increases in the posterior and central regions. 
4.3 Resultant muscle force under simulated deformities 
The resultant muscle forces caused by loading of the joint positioned in various malalignments 
in the coronal plane, and by a 15 degree flexion deformity are shown in Figures 4.9 and 4.10. 
1The medial muscles of the knee joint were not instrumented since the emphasis in this study was 
placed on the lateral structures of the knee and the limited number of amplifier channels available. 
However, qualitative data indicating pressure increase/decrease were recorded and will be included in 
the relevant discussion section. 
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The passively developing force 
increase or decrease is divided by 
the externally applied load (i.e. 
body weight). 
Figure 4 .9 presents the results 
for the 3 components of the 
quadriceps included in the model, 
as well as the iliotibial band, 
biceps femoris and lateral head of 
gastrocnemius. The latter 3 struc-
tures predictably showed an 
increase in force with increasing 
varus and a decrease with a 
valgus deformity; however, only 
a small change could be observed 
in the quadriceps. The increase 
in muscle force , which is passive-
ly generated, was most marked in 
the lateral head of gastrocnemius, 
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Figure 4.8 : Differences in contact pressure for joint load-
ed by body weight, before and after specified muscle has 
been tensioned. 
load in a 10 degree varus deformity (note that no data were available for this muscle in 5 
degree valgus). The biceps femoris tension was reduced by about 0.09 N/N in a 5 degree 
valgus deformity and tensioned by about 0.09 N/N in a 10 degree varus deformity. The ilio-
tibial band exhibited only a small change with the resultant muscle force reaching approxi-
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mately 0.06 N/N force in a 10 
degree varus malalignment. In 
neutral alignment very little force 
was generated in all muscles. 
The largest resultant muscle force 
in a 1 5 degree flexion deformity 
was recorded for the vastus inter-
medius and rectus femoris com-
ponent equalling 0 .3 N/N. The 
tensions developed in the vastus 
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Figure 4.9 : Passively developing force in specified mus-
medialis and vastus lateral is were cles for various deformities in the coronal plane when 
joint is loaded by body weight. 
approximately equal and amount-
ed to 0.21 N/N. The iliotibial 
band was also slightly loaded 
w ith a resultant muscle force of 
approximately 0.14 N/N. Biceps 
femoris muscle showed an un-
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Figure 4.10 : Passively developing force in specified mus-
cles for a 1 5 degree flexion deformity when joint was 
loaded by body weight. 
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T1 T2 T3 T4 T5 T6 
-0.43 0.61 0. 19 0.46 0.24 -0.04 
10 varus 0.64 2.20 4.26 3.49 1.74 2.64 
1 .58 4.78 6.39 7.40 5.20 5. 19 
-0.36 0.54 2.42 1.68 0.00 0.36 
5 varus 0.66 2.23 3.33 2.48 0. 19 1 .88 
2. 12 3.88 3.90 3.09 0.31 3.61 
-1 .24 -0.02 0.24 0 .1 2 0 .00 0.00 
neutral 0.59 0.64 1.00 1. 19 1 .25 0.94 
3.76 1 .59 1. 71 5.35 5.01 2.50 
-0.91 -1. 15 -0.40 -1.58 -0.38 -1 .71 
5 valgus -0.50 -0.55 -0.33 -0.49 0.09 -0.63 
-0.06 -0.01 -0.24 1.21 1.10 1. 10 
-0 .08 -0. 13 -0.48 0 .60 -0.37 0.55 
15 flexion 0 .47 0.08 -0.01 2.20 1 .43 1 .45 
0 .86 0 .21 0.64 5.24 2.56 2.63 
T7 T8 T9 T10 T11 T12 
-0.94 -1.51 -1 .08 -1 .69 -1 .66 -i .67 
10 varus -0.25 -0.43 -0.62 -0.34 -0.57 -0.00 
1.07 0.36 -0. 16 2.23 0 .05 1 .62 
-1 .02 -1 .95 -0.84 -1 .32 -1 . 16 -2.31 
5 varus -0.33 -0.60 -0.32 -0.45 -0.34 -0.51 
-0. 13 -0.09 -0 .08 -0. 18 0 .00 0.25 
0.02 0.03 0.06 -0.05 -0.05 0.67 
neutral 0 .54 0.91 1 .02 1.00 0.25 1.90 
1.81 2.69 2.30 6. 13 1 .62 6 .47 
0.80 0 .40 1. 17 0.69 0.09 1 .23 
5 valgus 1 .86 2.01 2. 19 0.98 0.26 2. 18 
2.25 3.42 3.02 1 .75 0.72 3.63 
-0. 11 -0. 13 -0.81 1.03 0.01 2.66 
15 flexion -0.02 0 .06 0.47 2.69 1.02 5.38 
0. 12 0.28 2.00 4.27 3.04 7.02 
Table 4.1 : Minimum, average and maximum contact pressure at each transducer location 
in a 10 and 5 degree varus, neutral, 5 degree valgus and a 15 degree flexion alignment. 
The minimum value is on top and the maximum at the bottom of each set. 
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T1 T2 T3 T4 T5 T6 
-0.10 0.60 3.56 1. 11 0.07 -0 .16 
10 varus-neutral 0.55 1.92 4.07 2.71 1.39 1.84 
1.24 4 .08 4.48 6.51 4.73 4.15 
0.07 -0.68 1.25 1.17 -0.47 0.20 
5 varus-neutral 1.10 1.80 2.49 1.94 -0.09 1.62 
2.12 3.76 3.65 2.47 0.28 2.75 
-1.37 -1.66 -1.24 -1.80 -0.38 -2.16 
5 valgus-neutral -1.34 -1.29 -1.21 -1.33 -0.29 -1.93 
-0.98 -0.87 -1.21 -1.35 -0.30 -1.48 
-0.48 -1.89 -1.64 -0.27 -0.37 -0.43 
1 5 flexion-neutral -0.16 -0.88 -1.04 0.89 0.87 0 .52 
0 .30 -0.39 -0.30 1.68 2 .1 1 1.34 
T7 TS T9 T10 T11 T12 
-2.10 -3.45 -2.84 -1.88 -1.80 -2.34 
10 varus-neutral -0.98 -1.26 -1.46 -1.12 -0 .72 -1.42 
0.07 -0.02 -0.22 -0.46 0.01 -0.57 
-1.61 -2.78 -2.26 -1.53 -1.30 -3.35 
5 varus-neutral -1.19 -1.82 -1.22 -0.76 -0.54 -1.76 
-0.85 -0.70 -0.49 -0.14 -0.04 -0.94 
0.69 0.09 1.49 0 .41 0.10 -0 .08 
5 valgus-neutral 1.58 1.85 1.50 0.60 0.12 0.59 
1.28 1.26 1.50 0.78 0.25 0 .87 
-0.73 -1. 11 -1.08 0.72 -0.09 1.37 
1 5 flexion-neutral -0.39 -0.48 -0.38 2.53 1.07 4 .22 
0.42 0 .66 0.71 3.86 3.04 6.35 
Table 4.2 : Minimum, average and maximum pressure difference between knee in neutral 
alignment and a simulated deformity for each transducer location. The minimum value 
is on top and the maximum at the bottom of each set. 
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Tl T2 T3 T4 TS T6 
1.41 2.04 0 .66 -1.68 -4.03 -1.48 
Vastus med. 4.99 3.48 1.85 -0 .89 -1.86 0.65 
8.64 5 .65 3 .04 -0.30 0 .32 4.48 
-0.39 -0.05 -0.78 -1.08 -1.44 0.00 
Vast.intermed + Rect.fem. 3 .52 2 .39 0.48 -0.17 -0.92 0.44 
14.01 6.52 2.83 1.80 0 .00 0.88 
-1.42 -1.13 -0.24 -1.83 -3.36 -2.71 
Vastus lat. 5.29 3 .99 1.95 0.61 0.53 0.60 
12.64 9.72 5 .24 4 .04 6.49 4 .53 
-2.00 -2.79 -2.15 -0 .90 -0 .40 -1.20 
lliotibial Band 0.74 0.07 0.25 0 .51 1.23 0.03 
2 .64 1.46 1.36 2.33 5 .02 2 .50 
-2 .94 -5.90 -2.44 -0.45 0.56 -1.04 
Biceps -0.68 -1.40 -0 .67 0 .10 0.67 0 .16 
0.68 0 .27 1.49 0.72 0.78 2 .70 
-1.22 0.00 -0 .22 -4 .24 -5.12 -2.50 
Gastrocnemius lat. -0 .54 0 .18 -0 .11 -1.77 -2.30 -1.28 
-0 .07 0.55 0.00 -0.42 -0.22 0 .00 
T7 TS T9 T10 T11 T12 
3.17 -0.74 -0.90 -3.63 -0 .73 -2.92 
Vastus med . 4.90 1.87 0 .08 -1.05 -0.09 -0.89 
7.13 6.98 1.68 0.08 0.45 0.47 
0 .52 -0 .26 0 .25 -1.62 -3 .94 -0.02 
Vast.intermed + Rect.fem. 2.46 1.90 0 .88 -0.11 -0.26 0.45 
6 .34 7.58 2.87 0.79 1.30 1 .18 
-0 .74 -2 .09 -1 .35 -4.04 -1.60 -2.78 
Vastus lat. 4 .74 2.39 0.67 -1.16 -0.19 -0.28 
25.40 10.38 5.40 0.30 1.64 3.55 
-0.78 -0.56 -0.58 -0.75 -1.85 -1.96 
lliotibial Band 1.73 2.96 0.50 1.04 0.38 2.17 
3.49 12.97 3 .20 6.13 1.62 6.47 
-0.07 -0.14 0.26 0.90 0.89 0 .10 
Biceps 1.83 2.35 1.44 2.78 3.14 3 .67 
7.46 6.26 3.08 10.81 7.60 12.07 
0.00 -0.30 0.19 0.37 1.27 0.50 
Gastrocnemius lat. 0.00 -0 .03 0 .28 0 .71 1.55 0.54 
0.00 0 .22 0 .37 1.04 1.82 0 .57 
Table 4.3 : Minimum, average and maximum pressure increase or decrease due to 
tensioning of specified muscle. The minimum value is on top and the maximum at the 
bottom of each set. 
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T1 T2 T3 T4 T5 TS 
-3.60 -5.92 -1 .83 -9.03 -5.10 -7.49 
lliotib.B. -0.71 -0.70 0.01 -2.29 -1.27 -1.63 
0.26 1.09 1.85 1.40 0.72 1.76 
-4.73 -3 .76 -2.53 -4.55 -2.08 -0.07 
Gastro.lat -1 .54 -1.87 -0.73 -0.88 -2.08 0.65 
0.35 -0.75 1.32 1.02 -2.08 1.49 
T7 TB T9 T10 T11 T12 
-0 .61 -0.06 0.00 -0.53 -1.95 -3.03 
lliotib.B . 1.09 1.18 0.84 0.75 0.62 0 .30 
5.68 3.31 1.94 1.77 2.86 3.92 
-1 .72 -1.26 -3.96 0.37 -0.91 0.70 
Gastro.lat -0.40 -0.12 -1.13 1.20 0.60 1.95 
0.80 1.67 1.09 2.08 1.62 2.90 
Table 4.4 : Minimum, average and maximum difference between pressure under body-
weight with or without tensioning of specified muscle for each transducer location. The 
minimum value is on top and the maximum at the bottom of each set. 
VM VIM VL 1TB BIC LG 
-0.05 -0.11 -0.60 -0.01 -0.15 0.12 
10 varus -0.01 -0.02 -0.08 0.05 0.09 0.16 
0.06 0.06 0.16 0.20 0.21 0 .20 
-0.10 -0.02 -0.03 0.00 0.05 0.04 
5 varus -0.05 -0.00 -0.00 0.04 0.07 0 .10 
-0.02 0.01 0.04 0 .06 0 .08 0.16 
-0.03 -0.02 -0.03 -0.03 -0.06 -0.01 
neutral -0.00 -0.01 -0.01 -0.01 -0.01 0 .01 
0.08 0.01 0 .01 0.00 0 .10 0 .05 
-0.01 0.01 0.00 -0.03 -0.34 ERR 
5 valgus 0 .02 0.02 0.01 -0.02 -0.11 ERR 
0 .04 0.02 0.02 0.00 -0.01 ERR 
0.01 0.02 0.02 0.02 -0.31 0.00 
15 flexion 0 .22 0.30 0.21 0.13 -0.14 0.00 
0.36 0 .63 0.50 0 .22 -0.01 0.00 
Table 4.5 : Passively developing minimum, average and maximum muscle force in various 
muscles during loading by bodyweight in the specified deformity models. The minimum 




This study was undertaken to gain additional understanding of the biomechanics of the knee 
and the effect of muscle activity on the pressure distribution in the human knee joint. Based 
on previous bench studies, gait analysis and in vivo stress measurements of the human hip 
and knee joints, two hypotheses were postulated : 
1) Muscle imbalance between the agonist and antagonist can significantly alter the 
distribution of stresses within the medial and lateral compartments of the knee 
joint; and 
2) the changes in stress distribution can occur in the absence of a varus or valgus 
deformity. 
These hypotheses were investigated in a cadaveric model, using a mounting system designed 
to allow accurate positioning of the knee in a loading device without affecting the mechanics 
of the joint prior to and during loading. Muscle "surrogates" were used to stabilize the knee 
and to simulate contraction of selected muscles. Finally, a contact pressure measurement 
system was developed to capture both static pressures and dynamic changes occurring during 
loading. 
This system was used to measure the pressure changes produced by simulated deformities 
in the sagittal and the coronal planes. The effect of contraction of selected muscles under 
various conditions was also investigated. In the following sections of this chapter the 
performance of this system, the results in comparison to previous investigations and certain 
107 
biomechanical and clinical aspects of this study will be discussed. 
5.1 Performance of System 
The mounting and muscle replacement system used in this study allowed accurate positioning 
of the knee in the material testing machine because of the 5 degrees of freedom built into the 
base. An anatomical orientation of the muscles could be achieved by attaching the arms of 
the muscle replacements to different holes in the top plate and by rotating them around the 
attachment point in different directions. Unconstrained self-alignment of the joint during 
loading could occur as the planar ball bearing provided no resistance to lateral movements. 
However, this adaptability had two disadvantages. 
First, the basic preparation of the joint which included the dissection, casting the plaster of 
Paris blocks around the bone, and attaching the patella and muscle clamps, was time-consum-
ing, requiring up to six hours. The insertion of the pressure transducers, aligning the muscles 
and setting the knee in the material testing machine took an additional two to three hours. 
This meant that the preparation of the model and measurements could not be completed on 
the same day and that the knee had to be stored for 24 tp 48 hours, which may have resulted 
in changes in the cartilage, menisci, ligaments and capsule. The fact that no day-to-day varia-
tion could be identified by the multiple regression analysis (no correlation between pressure 
measurements and repeated testing) may be attributed to the limited resolution of the system 
and does not indicate that no changes in specimens occurred. 
Secondly, the accuracy of the measurements was entirely dependent on the precise position-
ing and alignment of the knee and muscle substitutes. Deviations of the mechanical axis of 
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2.5 cm, corresponding to approximately 3 degrees, caused the femur to tilt towards the 
respective direction during loading, resulting in condylar lift-off. The correct orientation of the 
muscle replacement was difficult to verify and the only available means was the directional 
alignment of the fibres of the tendon at its insertion. It was interesting to note that some 
tendons, particularly the pes anserinus and the biceps femoris muscle, appeared to be mal-
aligned, although the proximal end (at the mid-femoral level) was positioned at the location 
recorded during the dissection. A more normal fibre orientation was achieved by shifting the 
proximal "origin" of these structures. This suggests that some muscles do not act along a 
straight line determined by their origin and insertion as assumed in most muscle models, but 
have a directional change along this line which may influence their mechanical advantage with 
regard to certain movements. Three factors may contribute to this orientational deviation. 
First, in the thigh each muscle belly is held in place by the adjacent muscles, the intermuscular 
septa and the fascia surrounding the thigh thus restricting radial displacement of the muscle. 
Contraction of any particular muscle producing an increase in its diameter would displace the 
neighboring muscles in a circumferential direction, making an angulation in the line of action 
of the long muscles in the thigh possible. Second, as seen during the dissections, certain 
muscles have fibrous extensions close to their insertion which can act like anchors and allow 
a directional change of the muscle force. Third, some muscles act primarily during flexion of 
the knee. Therefore, in full extension the insertion of the tendon into the tibia may not be in 
the line of action of the muscle. 
Unfortunately therefore, these mechanisms were only imperfectly reproduced by the muscle 
replacement model. Some of the fibrous extensions of the tendons had to be transected to 
free a sufficiently long portion for attaching the tendon clamps. The steel wire cables used to 
replace the muscles were thin and could not restrict lateral movements of the adjacent 
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"muscles" at all. As only a straight line of action was simulated this may have produced 
inaccuracies in the pressure changes. 
One particular problem encountered with the mounting system was the width between the 
rods of the table (used for horizontal alignment) during set-up. If a varus or valgus deformity 
exceeding 10 degrees was modelled, the elastic deformation of the table was so large that 
the tibial axis shifted out of neutral alignment (parallel to the loading axis). A wider, more rigid 
base would be required to simulate larger deformities or for testing at higher joint loads. 
The use of the planar ball bearing between the top plate and the load cell of the material 
testing machine proved to be an important component of the system. A comparison of data 
obtained from pilot studies using a more constrained system with the current data, demon-
strated clearly that, when no bearing was used, the medial, lateral or posterior tilt of the 
femur was severely restricted, and the pressure changes were of smaller magnitude. 
The design of the patella and muscle clamps was satisfactory. Slippage was not encountered 
during the tests (forces up to 200 N). The forces acting on the patella exceeded 600 N at 
times but no instability was noticed. However, medialization and lateralization of the insertion 
points of the vastus medialis and lateralis components, respectively, may be desirable to 
simulate the alignment of these two muscles more accurately. 
Several difficulties were encountered during the development and use of the pressure sensors. 
The main problem was due to the fact that separate oscillators powered by the same power 
supply have the tendency to "lock" onto one dominating oscillator if their frequencies are in 
the same range, or cause interference patterns if the frequencies are different. Pilot studies 
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had shown that this problem could be overcome if each oscillator had its own independent 
power supply (e.g. a battery) and if they were optically isolated from the remaining processing 
electronics. This, however, would have meant that each sensor was "floating" and not tied 
to a fixed potential. The three plate design, used to eliminate the effect of isolation capaci-
tances, therefore made this option unavailable. The problem could be solved by turning "on" 
only one oscillator at a time, while the remaining oscillators were grounded. This limited the 
maximum sampling frequency of a 16 channel system to approximately 20 Hz per channel 
which, however, is completely sufficient for an application of this nature. 
The high demand on the insulation of the sensors presented a further problem. The trans-
ducers were placed in the wet joint cavity for several hours and even minute pores in the 
insulation allowed sufficient leakage of joint fluid into the sensor to produce erroneous 
readings. Furthermore, the insulation could not be attached directly to the transducers (e.g. 
dipping in silicone) as the increased thickness would produce an increase in stiffness. Unfor-
tunately the problem of insulation could not be fully overcome and measurement points were 
lost at several occasions during the experiments due to leakage. An additional problem was 
the fact that small quantities of fluid caused a slow drift of the oscillator base line frequency 
due to the changes in the R and C components. This could only be identified from a drift of 
the baseline between successive measurements while the knee was unloaded. If this was 
noted during the experiments or data analysis the data of the respective sensor of the prior 
measurement cycle were rejected. 
The combination of a Schmitt trigger as an oscillator and a phase locked loop to convert a 
capacitance change into a voltage change proved to be highly reliable and was easy to use. 
In order to determine the oscillator characteristics due to changes in the resistive and capaci-
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tive values, a test series was undertaken with fixed R and C components. A proportional 
constant was determined by dividing the period T of the oscillator, which is the time required 
to complete a full cycle, by the product of R and C. 
Figure 5.1 a shows the results of 
changing resistance values (con-
stant capacitance), while Figure 
5.1 b shows the data for changing 
capacitances at fixed R values. It 
is clear that the oscillator beha-
viour was affected very little by 
small changes in R. Changing the 
capacitance had a more marked 
effect, particularly at small capac-
itance values. However, this non-
linearity seemed to be acceptable 
considering the small changes 
encountered but could become 
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Figure 5.1 : Effect of changes of the resistive (R) and 
capacitive (C) components on the timing characteristics 
of a Schmitt trigger. 
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5.2 Comparison with Other Studies 
The peak pressure measured in each compartment for the different alignments in the coronal 
plane was compared to data obtained in the previous studies discussed in Chapter 2. The peak 
pressure was selected as this is the only result consistently presented by other authors. The 
results of this comparison are summarized in Figures 5.2 a,b. Unfortunately, the data available 
for 10 degrees of varus are limited. In neutral alignment the peak contact stresses obtained 
in this study showed good correlation with those reported by other investigators. It appears 
that the peak pressure in both compartments measured in this study is equal or slightly lower 
than in the majority of other studies. This may be due to the fact that most of the other 
studies used absolute sensors which recorded the pressure caused by both the static preload 
and the test load while in this study the pressure reading after setup of the knee was defined 
as the baseline. At 5 degrees of varus, the medial compartment pressures are in the same 
range as those presented by previous authors. However, in this study, complete unloading 
was noted in the lateral compartment. This is consistent with the results by INABA et al. 
(1990) who reported a very low lateral compartment pressure in a 5 degree varus deformity. 
At 10 degrees of varus the pressure recorded in the medial compartment is significantly higher 
than that reported by REDFERN (1990) and again, complete unloading of the lateral compart-
ment was noted. In 5 degrees of valgus, the lateral compartment peak pressure was lower 
than in the other studies. Complete unloading of the medial compartment was noted. This dis-
crepancy with previous studies may be due to the unconstrained design of the loading 
fixtures. Both RIEGGER'S (1986) and REDFERN's fixtures restricted the medio-lateral move-
ment of the femur during loading. 
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Figure 5.2 : Results of this study in comparison with data reported by other authors. 
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Only one previous study (BROWN and SHAW, 1984) measured tibio-femoral and menisco-
femoral contact stresses. Although their measurements were not presented relative to the 
tibial surface, it is apparent that in neutral alignment, the contact stress gradually decreases 
from a central high pressure area to lower pressures in the periphery. Therefore, an unexpect-
ed finding of this study was the high contact pressure recorded over the menisco-femoral 
contact area and the relatively even pressure distribution over the whole contact area. This 
difference could be due to several factors, including the loading fixture and the type of 
transducer used, which averaged over a larger area compared to BROWN and SHAW's sensor 
which measured point loads. Furthermore, it is likely that in some cases of the current study 
the transducer array, in spite of being sutured to the capsule, may have migrated towards the 
centre of the joint during loading. In these cases the actual high pressure regions would have 
been located between T6 and T3 medially, and T12 and T9 laterally (refer to Figure 4.1 for 
sensor locations). This would also explain the significant increase at T3 in a varus deformity 
since the peak pressure would then shift medially over T3. 
It is also of interest to compare the externally applied force to the force calculated from the 
resultant pressure measurements. The total contact area must be known to use this approach, 
as the results obtained with the present transducer system represent only discrete measure-
ment points. Contact area measurements for the intact knee in neutral alignment were 
presented by KETTELKAMP and JACOBS (1972), MAOUET (1976), FUKUBAYASHI and 
KUROSAWA (1980) and RIEGGER et al. (1986, 1987). Their results are summarized in 
Figure 5.3. A linear regression was fitted to their measurements to determine the contact area 
at a compartment force of 350 N equalling a total joint load of 700 N as applied in this study. 
It is interesting to note that the slope of the regression line is almost identical for the medial 
and lateral compartments. It seems, however, that the initial contact area is larger medially. 
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Based on this assumption, the 
compartmental contact areas at a 
total joint load of 700 N were 
determined to be 5.64 cm2 medi-
ally and 4.43 cm2 laterally. The 
same approach was chosen to 
determine the contact area in the 
medial and lateral compartments 
for the different deformity mod-
els. The linear regression model 
was used in preference to RIEG-
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Figure 5.3 : Linear regression analysis of medial and later-
al contact area at different loads based on data reported 
by KETTELKAMP and JACOBS (1972), MAOUET (1976), 
FUKUBAYASHI and KUROSAWA (1980) and RIEGGER et 
al. (1986, 1987). 
GER's and REDFERN's experimental contact area measurements for varus and valgus defor-
mities, as it was assumed that in these studies the compartment areas were underestimated 
medially and overestimated laterally in the case of a varus deformity and vice versa in a valgus 
deformity, due to the highly constrained fixation of the femur. 
Based on these assumptions, the compartment forces were calculated from the average 
contact pressure measurements as shown in Figure 4.6. Figure 5.4 shows the forces calculat-
ed from this model. Forces of 379 N and 366 N were determined for the medial and lateral 
compartments in neutral alignment, respectively. The total force of 745 N corresponds very 
well to the applied load of 700 N, suggesting that very little soft tissue tension was required 
to stabilize the joint. In a 5 degree varus deformity, the medial compartment force was 
calculated to be 963 N, and 1200 N at 10 degrees of varus. This increase may be a result of 
various factors. First, only one compartment is carrying the load while the opposite compart-
ment is completely unloaded. Second, the soft tissue force required to balance the external 
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Compartment Force [kN) 
force which has shifted medially 
and outside of the tibial plateau 
area , contributes to the total joint 
force. In a 5 degree valgus defor-
mity, a lateral compartment force 
of 650 N was calculated. This 
1.4~-------- --- ---------, 
underestimation may be due to 
the fact that the lateral compart-
10 varus 5 varus neutral 5 valgus 
Deformity [deg.) 
~ medial ~ lateral 
Figure 5.4 : Medial and lateral compartment forces calcu-
ment area is smaller when com- lated from pressure measurements presented in this study 
for different deformities. 
pared to the medial. It is possible 
that the sensor array, which was of equal size medially and laterally, extended beyond the 
contact area anteriorly or posteriorly, depending on the exact placement of the transducers. 
In fact, it was repeatedly noticed that either T7 (if extending anteriorly) or T11 (if lying outside 
of the contact area posteriorly) showed very little load. This, in turn, would mean that the 
average contact pressure is underestimated as it is based on the readings obtained from all 
6 sensors. 
This may also be the reason why the average compartment pressure for a 5 degree valgus 
malalignment (see Figure 4.6) did not increase as much as the medial compartment pressure 
in a 5 degree varus deformity. However, a similar finding was reported by ENGIN and KORDE 
(1974) who measured a 95% increase of the medial compartment loading for a 5 degree 
varus and a 75% increase for a 5 degree valgus deformity. The authors concluded that the 
medial compartment loading increases more rapidly than on the lateral side . This would require 
either that the structures providing resistance medially have a better mechanical advantage 
than the lateral stabilizers, or that the contact point shifts further laterally than medially. 
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Very little experimental information can be found in the literature regarding the effect of 
muscle tension. MIKOSZ et al. (1988b) reported, that a more even medial to lateral force ratio 
was achieved during contraction of the tensor fascia lata muscle, which is in accordance with 
tensioning the iliotibial band in this study. Furthermore, they reported that the highest degree 
of imbalance was seen during isolated tensioning of the quadriceps muscle, which corre-
sponds with the current findings that the pressure increase was most marked in the antero-
medial region of the joint during simulated contraction of this muscle group. 
It was interesting to note the significant effect of the lateral gastrocnemius muscle on the 
medial and lateral compartment pressures in the current study. This result correlates well with 
the numerical model presented by SCHUTTE (1988), who predicted high forces in the lateral 
head of gastrocnemius during normal walking if the knee was modelled three-dimensionally, 
while the predicted muscle force was minimal in a two-dimensional hinge-joint model. This 
may suggest that the two heads of the gastrocnemius muscle may play a significant role in 
the medio-lateral stability of the knee joint, in addition to their established function in knee 
flexion and plantar flexion of the foot. 
No marked difference in contact stress resulting from muscle contraction under preload or 
muscle contraction prior to loading by body weight can be seen in this study. The basic 
pattern of antero-lateral loading due to tension in the iliotibial band, and postero-lateral 
loading, combined with unloading of the medial compartment, due to contraction of the lateral 
head of the gastrocnemius was observed in both cases. It appears, however, that some 
unloading of the medial compartment is produced by the iliotibial band if tension is applied 
prior to loading by body weight. This slight difference could be due to the fact that the knee 
is more mobile without a preload and settles in a slightly different position which may produce 
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the small pressure changes. 
In order to compare the pressure change produced by muscle contraction with the pressure 
increase produced by a deformity, resultant contact pressure changes during contraction of 
the quadriceps muscle, the gastrocnemius muscle, and the hamstrings, were calculated. The 
magnitudes of the acting muscle forces were taken from the predictions made by MORRISON 
(1968, 1970). Quadriceps contraction would result in a pressure increase of approximately 
2.5 MPa antero-medially, while the pressure increase posteriorly, associated with contraction 
of the gastrocnemius muscle, is relatively small, reaching 1.2 MPa. Relatively high contact 
pressures of approximately 2 MPa in the lateral compartment could result from contraction 
of the biceps femoris muscle. It was assumed that 50% of the total hamstrings and gastroc-
nemius force, as reported by MORRISON, would be contributed by the biceps and the lateral 
head of the gastrocnemius, respectively. Although these values are only approximate, they 
appear to produce pressure changes of the same order of magnitude as those found in a 5 
degree varus deformity. 
The passively developing muscle forces in the various muscles differed in a varus or valgus 
deformity. In a 10 degree varus deformity, a very small change in muscle force was seen for 
all components of the quadriceps muscle, with the exception of the vastus lateralis. The most 
marked changes could be seen in the biceps femoris and the lateral head of the gastroc-
nemius; the same muscles indeed which produced the most marked pressure changes during 
simulated contraction. This finding and the clinical studies of WHITE et al. (1972) and 
OLMSTEAD (1986), suggests two different mechanisms by which muscle groups can increase 
knee stability and decrease terminal displacement against abducting or adducting moments. 
The first mechanism is illustrated by the quadriceps which, due to its geometrical position, is 
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unable to actively resist an abduction or adduction moment. Contraction of this muscle group 
appears to compress the joint and improve the congruity between the two articulating sur-
faces. In contrast, the second mechanism is illustrated by the lateral head of gastrocnemius 
and the biceps femoris muscles which are located some distance from the centre line of the 
knee joint, and are thus able to increase joint stability against an adducting moment by 
contracting actively. Although not measured in this study, one can assume that a similar 
action can be proposed for the pes anserinus and semimembranosus muscles in resisting an 
abduction moment due to their insertions to the medial aspect of the tibia. Some tension 
developed in the iliotibial band for both a varus and a flexion deformity, but the effect was not 
as marked as it was in the primary stabilizers, i.e. lateral gastrocnemius and biceps in a varus 
deformity and the quadriceps muscle in a flexion deformity. This finding was not anticipated, 
but on further analysis of the anatomy of the iliotibial band, it is apparent that strong distal , 
femoral insertions are present. The force measured above the femoral epicondyle may there-
fore be small, while the portion of the band between the femoral epicondyle and the tibial 
insertion may contribute significantly to joint stability. 
5.3 Clinical and Biomechanical Significance 
The simulation of a deformity of the knee joint served primarily as a means to validate the 
method by comparing it to previous studies. It confirmed the already established fact that, in 
a static model, a varus deformity shifts the main load into the medial compartment, while a 
valgus deformity centres the load in the lateral compartment. This relationship was further 
substantiated by the regression analysis. A significant correlation (p < 0.005) between angula-
tion in the coronal plane and contact stress was found for all but two sensor locations (T1, 
TS). A flexion deformity produced a postero-lateral shift of the peak load due to the roll-back 
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of the femoral condyles on the tibial plateau. However, one aspect of the deformity model is 
noteworthy and may be of some clinical significance. 
5.3.1 The Role of Passive and Active Structures in Maintaining Joint Stability 
Condylar lift-off can be seen for varus and val-
gus deformities as small as 5 degrees. In 
fact, condylar lift-off was noted for shifts of 
the mechanical axis of as little as 2.5 cm 
away from the neutral axis. This displace-
ment equals a varus or valgus deformity of 
approximately 3 degrees. Similar angles 
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producing condylar lift-off were reported by 
Figure 5.5 : Effect of location and shift of 
ENGIN and KORDE (1974) and BOURNE et mechanical axis on load sharing and joint con-
tact. 
al. (1984). A shift of 2.5 cm or 3 degrees 
moves the mechanical axis away from the centre of the joint and it may pass the mid-line of 
the respective condyle, for example the medial condyle in Figure 5.5, depending on the width 
of the tibial condyles. In this position, the external load can be divided into one component 
perpendicular to the contact surface and a tangential component, which would cause the 
femur to rotate counter-clockwise if friction at the articulating interface were ignored (as 
illustrated in Figure 5.6), thereby producing lift-off in the lateral compartment. This rotation 
will continue until the tension in the soft tissues, due to elastic deformation, combined with 
the external load, produces a resultant joint force in line with the centre line of the medial con-
dyle. 
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The shift of the mechanical axis 
required to produce lift-off may 
differ medially and laterally, either 
if the centre line of one compart-
ment is further away from the 
centre of the joint than the other, 
or if the line of action of the soft 
tissues is not symmetrical with 
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Figure 5.6 : Forces at articular interface if mechanical axis 
can therefore speculate that in a does not coincide with mid-line of condyle. 
static, but unconstrained model, bicompartmental loading will occur if the mechanical axis lies 
between the centre lines of the medial and lateral compartments (cf. Figure 5.5, zone 2 
and 3). If the mechanical axis lies outside this region, lift-off will occur in the contralateral 
compartment, in the absence of muscle contraction. 
Muscle action provides more active control, as a balancing force could be produced without 
requiring separation of the condylar surfaces (to produce an elastic soft tissue deformation). 
The resultant joint force could thereby be centred between the two compartments. The 
kinematic measurements by LAFORTUNE and CAVANAGH (1985) (Figure 2.15) suggest that 
no angular change between the tibia and femur takes place in the coronal plane during normal 
walking, although distinct ab-/adduction moments can be measured during various phases of 
stance (PRODROMOS et al., 1985). 
A mechanically simplified model of a coronal cross-section of the knee is shown in Figure 5.7 
to illustrate the concept of muscular stability further. It represents a force diagram of the 
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femoral condyles. M stands for 
the force acting in the medial 
compartment and L for the force 
between the lateral condyles. FM 
and FL represent a hypothetical 
force produced by muscles (or 
ligaments) on the medial and 
lateral sides, respectively. Fis the 
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X centre of med compart. and F 
mechanical axis and would equal Figure 5. 7 : Simplified force diagram of coronal cross-
section of knee assuming rigid body mechanics. 
the sum of the upper body, the 
opposite leg and the thigh in one-legged stance. m, I, x and w denote the lever arms for each 
of these forces (compare Figure 5.7). 
L- (F x x+FL x (w+cL)-FM x cm) 
w 




The resultant compartment forces Mand L can be determined from equations (1) and (2). In 
the following discussion, several assumptions are made which do not limit the general validity 
of the model but clarify the principles: 
1 . m and I are of equal lengths and amount to half of w, the distance between 
the centres of each compartment. 
2. due to the symmetry of the geometric dimensions, only a shift of the 
external force towards the medial side of the joint is analysed. 
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3. because of assumption 2, the medial muscle force is assumed to be zero 
during the optimisation process. 
Based on these assumptions, equations (1) and (2) can be simplified and converted into 
equations (3) and (4). 
X l=Fx -+1.5 x FL-0.5 x FM 
w 




Without any further analysis, one can see that a lateral muscle force increases the lateral 
compartment force more rapidly than it decreases the medial compartment force. The increase 
to decrease ratio is, for the given geometry, 3 to 1. This corresponds well to the experimental 
data, as summarized in Figure 5.8. The primary effect of muscle contraction was pressure 
increase juxtaposed to the line of action of the muscle. A proportionally much smaller region 
showing pressure decrease can be seen diagonally across the joint in all cases. 
The model can be further analysed for the conditions that the external force is located either 
between the centres of the medial and lateral compartments (case 1), or medial to the centre 
line of the medial compartment (case 2). In the first case, no lateral force is required to 
provide stability. If x = 0 (i.e., the mechanical axis is identical to the centre line of the medial 
compartment)(see Figure 5. 7), the medial compartment force equals the external force and 
the lateral compartment force would equal zero. 
In the second case, a force FL is required to stabilize the system. As this system is mathemati-
cally indeterminate, additional assumptions have to made to obtain a solution. Two different 
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models are presented here : --
Model I: Minimize lateral muscle force 
Model II : Minimize medial and lateral compartment forces. 
Model I can be solved by setting the lateral compartment force to zero. Under this condition, 
only the medial compartment would carry the load. Without providing mathematical proof, it 
is obvious that, in model II, the compartment forces are minimal if they are of equal magni-
tude. Figure 5.9 compares the medial and lateral compartment forces presented as a fraction 
Vastus medialis Vast . int .med + Fleet.fem Vastus lateralis 
lliotibial band Biceps fem. Gastrocnemius lat. 
Gastrocnemius med. Semimemb. + Semitend. Sartorius + Gracilis 
Medial 
• Increase @ Decrease Q Unchanged 
Lateral 
Figure 5.8 : Summary of "significant" pressure increases or decreases due to contraction 
of specified muscles. "Significance" was assumed if more than 75% of all measurements 
indicated elevated or reduced pressure. 
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of the external force for the two 
different solution models (i.e., the 
lateral muscle force is minimized 
or the medial and lateral com-
partment forces are minimized). 
One can see that both models 
predict equal load sharing be-
tween the medial and lateral 
compartments if the external 
force lies in the centre of the 
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Figure 5.9 : Medial and lateral compartment forces as a 
function of the shift of the mechanical axis for optimiza-
tion models I and II (cf. Figure 5. 7). 
joint. If the external force shifts towards the medial side, the medial compartment force 
increases and the lateral compartment force decreases in the first model. For x = 0, the 
lateral compartment force becomes zero. 
When minimizing the medial and lateral compartment forces (Model II), a steady increase can 
be seen in both compartments. However, in this case, the medial compartment force is less 
when compared to the first model. For the given geometrical constraints, the reduction in 
force equals 25% . If the lateral muscle force were to be further increased, the lateral com-
partment force would increase and exceed the medial compartment force. It follows from 
equations (3) and (4) that the lateral muscle force increases the lateral compartment force by 
a factor of 1.5, while the medial compartment force is decreased by a factor of 0.5. The 
contribution of any medial muscle force has been excluded from this model. However, it is 
apparent from equation (4) that a medial muscle force would drastically increase the medial 
compartment force as it is equally multiplied by a factor of 1.5. 
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PRODROMOS et al. (1985) presented adduction moment data as a percentage of the product 
of body weight and height and defined 4% of this product as the upper limit for normal 
subjects. Assuming a body weight of 80 kg and a height of 1.8 m, an adduction moment of 
57.8 Nm can be determined as the upper limit for normal subjects. Based on this result the 
magnitude of the required muscle and compartment forces predicted by this model was 
calculated. Using equations (3) and (4) and a tibial plateau width of 80 mm, a force in the 
lateral structures of 960 N was determined for optimization Model I and 1,440 N for Model 
II. The corresponding medial compartment force due to the adduction moment would be 960 
N and 720 N, respectively. To calculate the total contact force, any external force would have 
to be added to these values. 
Although the range within which muscle contraction can optimize the joint pressure distribu-
tion is limited, it is apparent that a pressure increase of approximately 33% (based on the 
present model), may overload the cartilage and lead to medial compartment osteoarthritis if 
the lateral muscle strength is reduced. The effect would be compounded if the activity of the 
antagonistic muscles, loading the medial compartment, was increased. The close agreement 
between the theoretical model and the experimental data substantiate the hypothesis that 
hyperactivity in one muscle group or weakness in the antagonistic muscles may result in 
eccentric joint loading and ultimately unicompartmental osteoarthritis. It appears, however, 
that if a rigid model is assumed, increased muscle force of any specific muscle, for example 
the quadriceps, medial hamstrings, gracilis and sartorius in the medial compartment, may have 
a more pronounced effect than muscle weakness on the opposite side of the joint. 
However, the effect of muscle weakness becomes more important if one includes elastic 
deformation of the soft tissues or ligamentous laxity in the model. If no muscular force is 
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present, the ligaments and capsule have to be elongated (stretched) to generate a balancing 
force. At equilibrium, the force generated by the elastic deformation in the ligaments would 
be of the same magnitude as the lateral muscle force predicted in optimization Model I. As a 
result of the lateral opening, the angulation between tibia and femur changes in the coronal 
plane as previously described by MAGUET (1976). Assuming a tibial plateau width of 80 mm, 
a ground to centre of knee length of 500 mm, and the centre of the medial compartment as 
being the centre of rotation, one can see that a lateral opening of 1 mm produces a varus 
angulation of approximately 1 degree. Under dynamic walking conditions, therefore, a laxity 
of 5 mm in the lateral tissues would produce eccentric loading comparable to a bony deformi-
ty of 5 degrees. 
This mechanism produces a vicious cycle if the muscles are not strong enough to stabilize the 
joint. Opening of the lateral joint side will increase the adduction moment and consequently 
the stresses both on the medial compartment and the lateral passive stabilizers. This will 
aggravate the laxity and predispose to early development of medial compartment osteo-
arthritis. As the laxity progresses, higher and higher loads are placed on the medial com-
partment with resultant erosion and ultimately bony deformity. This mechanism makes muscle 
weakness as critical as muscle overactivity in the development of unicompartmental osteoar-
thritis and deformity, although the direct effect on the load sharing between the compart-
ments is not that marked. 
5.3.2 A Force Sensing Hypothesis for the Menisci 
In order to control the load sharing between the two compartments under dynamic walking 
conditions, a closed feedback loop would be required. Three different possibilities for the type 
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and location of the sensory organs can be envisaged from an engineering perspective. First, 
"strain" sensors in the subchondral bone plate could measure the bone stresses from which 
a pressure mapping across the tibial plateau could be derived. Very little, however, is known 
with regard to the innervation of bone. Secondly, the sensory organs (Type I to Type IV) 
(WYKE 1981) found in ligaments and particularly the capsule could provide information as to 
whether condylar lift-off is taking place which, in turn, could cause the adjacent muscles to 
contract to restore bi-compartmental contact. This option, however, would be limited to de-
tecting joint separation and not load sharing during bicompartmental contact. Finally, mecha-
noreceptors in the menisci could provide feedback regarding the load sharing between the two 
compartments and continuously modulate the activity in the muscles during gait. Although 
the intra-articular portion of the menisci is free of any receptor nerve endings (WYKE), other 
studies have found Type I and II nerve endings in the ligament-like insertions of the anterior 
and posterior horns (DAY et al., 1985; O'CONNOR and McCONNAUGHEY, 1978; WILSON, 
LEGG and McNEUR, 1969) . According to WYKE, the Type I receptor is a low threshold, 
slowly adapting nerve ending enabling it to sense the absolute (static) load level. The dynamic 
changes are sensed by the Type II receptors, which have a low threshold but adapt rapidly. 
These nerve endings could be stimulated by the stretch developing in the menisci during 
loading. Alternatively, these nerve endings may be dormant under normal walking, triggering 
a reflex mechanism under abnormal conditions. This may also contribute to the changes seen 
after partial or total meniscectomy, as not only is the contact area reduced and the contact 
pressure increased, but also sensory feedback regarding the load sharing between the two 
compartments is at least partially lost. 
This hypothesis of a closed feed back loop between the external and muscular forces, the 
joint position and the compartmental contact pressures, suggests that there might be several 
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different mechanisms responsible for the development of unicompartmental osteoarthritis in 
the absence of a deformity. 
An abnormal gait pattern, whether due to an unrelated deformity of the knee or other joints 
(e.g. flexion contracture of the hip), pathological changes in the muscles, neurological 
disorders or "poor habits", may require or result in an increased activity of specific muscles, 
shifting the resultant joint force towards the respective side of the joint. Similarly, disuse or 
weakness of the antagonistic muscles for the same reasons may prevent centering of the 
resultant joint load. In the long term, a slow adaptive process may take place in the sensory 
feedback, thus abolishing the attempt to balance the joint forces. This may result in liga-
mentous laxity, the development of unicompartmental osteoarthritis and a deformity. Similarly, 
any damage to the sensory components may interrupt the feedback loop and allow over-
loading of one compartment. 
5.3.3 Clinical Implications and Future Research 
The results obtained from this study clearly demonstrated a significant effect of the presence 
or absence of specific muscle contraction on the knee joint pressure distribution. The pressure 
changes due to muscle tension are of the same order of magnitude as the contact pressure 
changes due to body weight in the presence of a deformity. These findings warrant further 
investigation, possibly in animal models. As it is impossible to reproduce selective muscular 
hyperactivity in an experimental setting, the model would be limited to the simulation of 
muscle weakness. This could be achieved by partial nerve block of the motor neurons or 
permanent denervation of the selected muscles. However, it would be difficult to find an 
appropriate model since the gait pattern in quadrupeds is significantly different from bipedal 
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gait. Furthermore, the muscular function and control would have to be determined for the 
particular animal model to represent the conditions in humans as closely as possible. 
One could speculate that treatment regimens like physiotherapy or muscle transfers at an early 
stage might be a viable therapeutic alternative to tibial or femoral osteotomies for osteoarthri-
tis . Initially, the results of this cadaveric study will require validation with clinical studies, in-
cluding gait analysis and EMG monitoring of the major muscle groups. Considering the EMG 
subject to subject variability, a very large number of subjects would be required to draw 
statistically significant conclusions as to whether differences can be detected between high 
and low adduction moment groups. 
However, as a first step it may be feasible to determine possible causes of elevated adduction 
or abduction moments. Considering standard gait analysis techniques, several parameters are 
combined when determining these moments. For example, the vertical component of the 
ground reaction force is multiplied by its respective lever arm projected into the coronal plane. 
Therefore, either an increased vertical force component or an increased lever arm {as produced 
by a varus or valgus deformity) would increase the adduction or abduction moment, depending 
on the deformity. Similarly, a larger medially or laterally directed component of the ground 
reaction force would increase the respective knee moment. In this case, the lever arm is less 
important as it is determined by the leg length and would not be affected by any pathological 
condition discussed here. Finally, inertial forces acting through the centre of gravity of the 
lower limb contribute to the joint moment. 
In order to improve our understanding of the pathogenesis of unicompartmental osteoarthritis 
and the origin of an abnormally high adduction moment, each of the parameters mentioned 
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above would have to be analysed individually under dynamic conditions. For example, one 
should be able to determine if lateral opening of the joint increases a statically measured bony 
deformity (increased lever arm of vertical component of ground reaction force), or if a high 
adducting force is present due to the patient's intrinsic gait patterns. Furthermore, it would 
be critical to investigate temporal factors to know whether a single abnormally high peak 
occurs during a particular phase of stance, or whether the baseline of the moment is higher, 
while showing a normal profile. 
It appears feasible to determine the adduction moment required to produce condylar lift-off 
in a pilot study. The magnitude of the resultant varus deformity could be measured as a func-
tion of the applied adduction moment for normal subjects or patients, who show signs of 
unicompartmental osteoarthritis before a deformity has developed. These measurements could 
be taken by continuously recording a moment-deflection curve during maximum iso-static 
contraction. At lift-off the slope of the resultant graph should show a distinct change. 
Alternatively (and more precisely), the knee joint could be observed under an image intensifier, 
and the opening of the joint could be visualised directly. These data, together with the 
findings of 3-D gait analysis, could be used to establish a data base in order to determine 
whether significant and specific differences can be found. 
If the pilot study demonstrates a difference, measurements of this nature could be taken at 
relatively moderate cost by the examining physician without requiring sophisticated 3-D gait 
analysis equipment. The findings could then be used in planning the appropriate treatment 
including physiotherapy and surgical intervention. For example, if the strength of the muscles 
providing lateral stability were reduced, it may be beneficial to tighten the passive stabilizers 
on that side, while performing a high tibial osteotomy. During rehabilitation, muscle streng-
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thening exercises may further improve the prognosis. 
Finally, the current investigation was designed to study the effect of various deformities and 
specific muscle contractions on the knee contact stresses, with particular emphasis on the 
interaction between an abduction or adduction moment and muscle activity as the medio-
lateral balance of forces seemed to be most critical clinically. Considering dynamic walking 
conditions, it appeared to be best to study these two parameters in neutral alignment. At heel 
strike the knee is in full extension (compare Figure 2.17). During this phase maximal activity 
can be seen in the antero-medial muscles crossing the knee joint, particularly the quadriceps 
and gracilis. Increased activity can also be seen in the biceps femoris and the muscles 
tensioning the iliotibial band. Furthermore, the adduction moment rises sharply as the knee 
goes into flexion, reaching its peak within 20 % of the stance phase. The knee returns to full 
extension during the third quarter of stance. In this phase peak activity can be seen in the 
gastrocnemius muscle and again in the tensor fascia lata. Similarly, the adduction moment has 
a second, though less marked, peak. 
However, in order to draw general conclusions with regard to dynamic walking conditions, in 
addition to studies in neutral alignment, alternative joint positions (particularly knee flexion) 
have to be examined. This may alter the results significantly, particularly for larger degrees 
of flexion as the line of action of the muscles changes. Contraction of the hamstrings and the 
other pes anserinus muscles will tend to pull the tibia backward on the femur, possibly 
stressing the menisco-femoral contact area in the anterior regions. This may be partially 
compensated for by the roll-back of the condyles. In addition, internal or external rotation of 
the tibia will occur if predominantly the medial or lateral muscles contract. It is interesting 
that, in normal gait both muscle groups show a reduced activity during the second quarter of 
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stance when the knee is flexed. 
The line of action of the quadriceps and gastrocnemius muscles undergo less significant 
changes under normal walking conditions. The gastrocnemius muscle, being a calf muscle, 
maintains its orientation with respect to the tibia. In full extension, its tendinous origins are 
wrapped over the femoral condyles and unwind as the knee goes into flexion assuring a con-
stant position relative to the centre of the knee. It is therefore still able to affect compart-
mental loading comparable to neutral alignment. The effective line of action of the quadriceps 
muscle changes only slowly due to the patella mechanism. According to NISELL (1985) , the 
patella tendon action angle, defined as the angle between the patella tendon and a line normal 
to the tibial plateau, is 30 degrees in full extension and remains positive for knee flexion 
angles less than 100 degrees. This means that both the quadriceps and the gastrocnemius 
muscles pull the tibia forward on the femur over a large range of flexion, further substantiating 
the concept that the muscles provide dynamic control of joint position and stability. Therefore, 
the musculature of the knee is able to alter the load sharing between the compartments and 
the stress distribution in the antero-posterior direction both in neutral alignment and inflexion. 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
This study was undertaken to further the understanding and knowledge in the development, 
prevention and treatment of unicompartmental osteoarthritis. It was hypothesized that the 
muscles play a significant role in the loading and pressure distribution in the knee joint, and 
that unicompartmental osteoarthritis can therefore develop in the absence of a bony deformi-
ty. The methodology developed placed particular emphasis on an unconstrained loading of the 
knee joint. Stability was provided by the intact soft tissues and the muscle replacements. 
Although the design was specific for the knee joint, the general principles would also be 
applicable to other joints. A new contact pressure measurement system was developed which 
had to fulfill several unique requirements. The most important of these were the ability to 
record contact pressures continuously and a wide measurement range. Furthermore, the 
sensors had to be as thin as possible and pliable. The system demonstrated its ability to 
measure contact pressures under the given conditions. However, for more widespread use, 
further development will be necessary. In particular, major improvements can be anticipated 
by using a more elastic dielectric material with improved visco-elastic properties. The physical 
design of the transducer and the processing electronics could be used with no or only minor 
modifications. 
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Despite the limitations of the pressure sensors and the small number of knees tested, clear 
trends could be established and sufficient information was obtained to justify the following 
conclusions: 
1) Good agreement was found between the present data and results from previous 
studies reported in the literature. 
2) In neutral alignment, the two compartments of the knee shared the load evenly. 
3) No soft tissue tension was required to maintain stability in neutral alignment. 
4) In a varus deformity, the main load shifted into the medial compartment, while, in a 
valgus deformity, the load shifted laterally. 
5) In a flexion deformity, a postero-lateral shift of the peak pressure area could be seen. 
6) A varus or valgus deformity of 5 degrees was sufficient to produce unloading of the 
opposite compartment in a static model. 
7) A specific regional effect can be demonstrated for each muscle producing a distinct 
pattern of pressure increase and decrease across the joint surface. 
8) The contact pressure increased in an area adjacent to the line of action of each 
muscle. 
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9) The contact pressure decreased diagonally across the joint from the line of action of 
the muscle. 
10) The area of increased pressure was generally larger than the area showing pressure 
decrease. 
11) In the absence of muscle contraction, condylar lift-off occurred in the lateral compart-
ment if the resultant knee joint force passed medial to the centre line of the medial 
compartment and vice versa for the medial compartment. 
12) The pressure increase due to muscle contraction during normal walking was of the 
same order of magnitude as the pressure produced by a 5 degree varus or valgus 
deformity. 
13) The pressure reduction due to muscle contraction was limited due to the geometry 
of the joint, particularly the width of the articulating surface, and the attachment of 
the muscles. 
14) Imbalanced increase in muscular activity due to various factors could result in 
overloading of the articular cartilage and may lead to osteoarthritic changes. 
15) Reduced muscle strength or activity may allow condylar lift-off to occur, producing 
an apparent deformity, which in turn results in high contact stresses in the other 
compartment. 
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16) The forces required to maintain bicompartmental contact and even load sharing were 
,within the physiological range of muscles. 
17) Conservative treatment regimens, including gait training and physiotherapy, may 
prevent or, if started at early stages of the condition, delay the onset of unicompart-
mental osteoarthritis and the development of a bony deformity. 
18) Conservative treatment regimens may also improve the speed of recovery and 
prognosis of high tibial or supracondylar femoral osteotomies. 
19) A force sensing function to maintain balanced, bicompartmental load sharing was 




The following recommendations are made for further investigations and studies. 
1) Expand the current model by instrumenting all muscle replacements as well as the 
ligaments with force sensors; increase the load levels applied and investigate the 
effect of different combinations of muscle contractions, simulating more closely the 
physiological conditions during walking. 
2) Clinical studies are needed to determine several important parameters : -
a) The significance of factors contributing to an abduction or adduction 
moment around the knee and the changes of these parameters in patients 
with an elevated moment. 
b) The moments required to produce condylar lift-off for different joint posi-
tions and muscle activity levels. 
c) The electromyographic pattern of normal subjects and the differences in 
patients with unicompartmental osteoarthritis of idiopathic origin. 
d) A comparison of the results obtained in 2a, 2b and 2c. 
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3) Investigation as to whether gait training and physiotherapy can permanently alter gait 
patterns and reduce abnormally high abduction or adduction moments. 
4) Further study of the neurosensory function of the joint capsule, ligaments and 
menisci, with particular reference to load sharing between the compartments and 
overall stability of the knee joint. 
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APPENDIX A 
KNEE FIXATION SYSTEM 
(Drawings not to scale) 
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